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Geminiviruses replicate via a rolling circle mechanism, which initiates at the origin of 
replication located within the long intergenic region (LIR). The viral replication 
associated-protein (Rep) in conjunction with the host's DNA replication machinery is 
responsible for the initiation and termination of the replication cycle from a stem-loop 
structure, located within the LIR and conserved throughout the three genera of 
Geminiviridae. The specific interaction between the Rep protein with sequences within 
the intergenic region has been well characterised for the begomoviruses and to some 
extent the curtoviruses; however, this interaction in the mastreviruses, and in particular 
maize streak virus (MSV), has yet to be fully explored. A theoretical model has been 
proposed based on sequence data and informed by the current understanding of replication 
specificity in begomoviruses. Due to the lack of conservation of the stem sequence of the 
stem-loop structure amongst mastreviruses, the model implicates a pair of nucleotide 
sequence repeats called iterons. These are located within the stem structure, and on the 
complementary sense side of the LIR. The former is the putative site of Rep interaction 
with the LIR. These iterons would therefore potentially act as the determinants of 
replication specificity amongst mastreviruses. 
A sample population of African streak mastreviruses was assessed for the presence of 
conserved iterons. Forty-one isolates were analysed by degenerate primer peR 
amplification and restriction fragment length polymorphism (RFLP) analysis of the entire 
RepA coding region, the LIR, and part of the movement protein gene. Although the 
majority of MSV -like isolates were found to have identical iteron sequences, two grass-
infecting MSVs had unique iteron sequences: moreover within this MSV sample there 
was a considerable degree of sequence diversity as evidenced by phylogenetic analysis of 
RFLPs and nucleotide sequence data. The presence of distinct maize, wheat- and grass-
subtypes of MSV was demonstrated, and amongst the samples both panicum streak 
(PanSV) and sugar cane streak viruses (SSV) were detected. 
From the diversity study, two wheat-type MSVs - MSV-Tas and MSV-VW - were 
selected based on their overall sequence divergence from the previously sequenced maize-










determined by leafhopper transmissions. These were limited in maize, but broad amongst 
wheat and barley cultivars. The genomic sequences were compared with that of a typical 
maize-type MSV isolate (MSV -VM) that was fully sequenced during this study. While 
the sequence of MSV -VM was most similar to the previously sequenced South African 
isolates MSV-Komatipoort (Kom) and MSV-SA, MSV-Tas and MSV-VW were their 
own closest relatives. This is the first report of the full sequences of MSV s found 
infecting wheat. 
Using a range of wild type (WT) viruses selected from the diversity study, the degree to 
which Rep proteins display specificity for their cognate LIRs was assessed by 
complementation of replication functions of three different MSV -Kom based Rep mutant 
constructs. Trans-replication of the mutant construct by WT MSV -Kom, MSV -Tas, 
MSV-VM, MSV-VW, MSV-Set (an MSV isolate from Setaria) and PanSV-Kar, was 
detected in a transient replication assay system. Because the stem sequences of MSV -Set 
and PanSY -Kar are not the same as those of MSV -Kom, these viruses should not have 
been able to complement Rep functions in the other viruses. Comparative analysis of their 
LIR sequences provided a possible explanation for MSV-Set's apparent inefficient and 
PanSY -Kar' s relatively proficient complementation of replication functions. 
To further characterise the nature of the replication specificity determinants of MSV -Kom 
and MSV -Set, regions within the LIR were exchanged between these viruses and 
replication was assessed by the emergence of symptoms on agroinfected sweetcorn. The 
results indicated that MSV does not require its cognate stem-loop sequence for replication 
and that the cis-elements responsible for replication specificity reside within the region 
containing the Rep proximal iteron. Transient trims-replication assays of a range of 
chimaeric constructs by WT viruses confirmed these results. Furthermore, the 
construction of LIR deletion mutants indicated that both the 5' side of the LIR, up to and 
including the Rep proximal iteron, and a region 3' of the stem-loop, were essential for 
replication. This is the first evidence that the MSV replication specificity determinants 
reside within the Rep proximal iteron region and are not defined by the stem-loop 
sequence as was previously expected. The MSV cis-elements responsible for controlling 
replication are thus more reminiscent of the begomo- and curtoviruses than was 
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jlg microgram A alanine 
jlg/l micrograms per litre R argenme 
jll microlitre N asparagme 
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°c degrees Celcius C cysteine 
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aa amino acid E glutamic acid 
ATP adenosine triphosphate G glycine 
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rum millimeter u any hydrophobic residue 
mRNA messenger RNA 
N nucleotide Nucleic Acids 
ng nanogram A adenine 
nm nanometer C cytosine 
nt nucleotide G guanine 
NTP nucleotide triphosphate T thymine 
OD optical density U uracil 
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1.1: GENERAL INTRODUCTION 
The replication strategy and genome structures of the Geminiviridae share features with 
both bacteriophages and ssDNA bacterial plasmids, yet they utilise eukaryotic systems to 
provide the necessary cellular components required for the virus lifecycle. This feature 
makes geminiviruses uniquely useful tools for the elucidation of molecular interactions 
within the eukaryotic cell, including DNA replication, gene expression and control of the 
cell cycle. Discovering how these circular ssDNA viruses replicate and interact with their 
respective hosts has formed the basis of many studies, which have in turn led to some 
successful strategies to control these plant pathogens. However, without fully 
understanding the intricacies of the virus lifecycle, it is unlikely that we will ever 
successfully overcome the devastating effect these viruses have on economically 
important crops world-wide. Geminiviruses are responsible for major crop losses of 
staple foods, such as cassava, potatoes and maize, as well as other cultured crops such as 
wheat, tomatoes, beans and cotton (Wyatt and Brown, 1996; Thottappilly et al., 1993). 
How does a virus, which at a minimum is only 2.5 - 3kb in size, so efficiently regulate its 
replication, gene expression, movement throughout the host, and transmission by insect 
vectors, in order to cause disease so effectively? In answering this question for 
geminiviruses, many aspects of eukaryotic molecular biology will simultaneously be 
resolved. 
1.2: GEMINIVIRUS OVERVIEW 
There are three genera of Geminiviruses: these are the Mastrevirus, Curtovirus and 
Begomovirus genera, previously known as Subgroups I, II and III respectively (Mayo and 
Pringle, 1998; Briddon and Markham, 1995). All geminiviruses are morphologically 
similar with unique quasi-icosahedral virions, have a closed circular ssDNA genome, are 
obligately transmitted by insect vectors under natural conditions and rely on their host's 
replication machinery for replication. Although it is quite easy to assign newly-discovered 
viruses to a genus, the generic definitions have had to change over the years because as 
new viruses are identified, the parameters used to define the genera have needed to 
become broader. For instance, mastreviruses have a single component genome (see Fig. 
1.1 A) and are transmitted by various leafhopper species. They were thought to have 











mastreviruses, bean yellow dwarf virus (Be YDV) and tobacco yellow dwarf virus 
(TYDV), infect dicotyledenous plants (dicots) (see Table 1.1) (Liu, L. et al., 1997; Morris 
et al., 1992). Curtoviruses have a single genomic component (see Fig. 1.1 B), infect a wide 
range of dicots, and were though to be only transmitted by leafhoppers - however tomato 
pseudo-curly top virus (TPCTV) was found to be transmitted by treehoppers (Briddon et 
al., 1996a). The begomoviruses have narrow dieot host ranges, are all transmitted by the 
whitefly Bemisia tabaci, and were thought all to have two genomic components (named A 
and B); however it is now known that many begomoviruses have a single component 
genome (Briddon and Markham, 1995). Furthermore, a distinction between a group of 
"Old World" and "New World" begomoviruses has been made: all New World 
begomoviruses have two genomic components and lack an open reading frame (ORP), 
A VI, present in all the Old World geminiviruses (see Fig. 1.1 C & D) (Palmer and 
Rybicki, 1998; Padidam et al., 1996; Rybicki, 1994). 
The genomic organisations of viruses in the three genera differ, but there are many 
conserved elements, such as the intergenic region (IR) from which bi-directional 
transcription of various genes occurs (see Fig. 1.1 for comparisons of genomic 
organisation). The only viral protein essential for replication is the replication associated 
protein (Rep) (Elmer et al., 1988). Rep is presumed to be expressed off the spliced 
mRNA product of the complementary sense DNA (C1/C2) ofthe mastreviruses (Schalk et 
al., 1989) or from a single transcript in the curto- (C1) (Frischmuth et al., 1993) and 
begomoviruses (AC1) (Elmer et al., 1988). All Rep-related transcripts are initiated on the 
left-hand side of the IR. For ease of reading, all functionally equivalent replication 
associated proteins regardless of the name of their ORP, will be designated Rep. The A or 
single component of begomoviruses contains all the necessary viral gene products for 
replication (the Rep protein) and for encapsidation (the coat protein, CP) (Elmer et al., 
1988; Rogers et al., 1986). The CPs are transcribed from the right or virion sense side of 
the IR in all three genera (Frischmuth et al., 1993; Kallender et al., 1988; Morris-Krsinich 
et al., 1985). Movement proteins (MP) are expressed off the virion sense DNA ofmastre-
and curtoviruses, while the two component begomoviruses have two unique movement 
proteins, BCl and BVI, bi-directionally transcribed from the B component IR (see 















Figure 1.1: Genomic organisation of the three genera of gerniniviruses A) Mastrevirus, 
B) Curto virus and C) the A and B components of Begomoviruses, respectively. The 
various open reading frames (ORFs) of both the complementary (C) and virion (V) sense 
strands, with their respective protein products labelled outside the circle, are identified by 
the arrows. The intergenic region (IR) , from which initiation of replication and the 
divergent promoters originate, is named the long intergenic region (LIR) in mastreviruses, 
the IR in curtoviruses, and in begomoviruses is called the common region (CR) due to it 
being conserved between both A and B components. It is highlighted by the large black 
arc. Complementary sense strand DNA synthesis initiates within the small intergenic 
region (SIR) in mastreviruses. Protein products with defined functions are named as 
follows: the MP, the CP, the viral virion-sense transcriptional activator (TrAP) (Sunter 
and Bisaro, 1997), the replication enhancer (REn) (Sunter et aI., 1990a) and Rep. The 
mastrevirus Rep is expressed from the spliced mRNA transcript of the Cl and C2 ORFs, 
while RepA is expressed from the Cl ORF. The B component of begomoviruses 
expresses two movement proteins, a cell-to-cell transporter, BC1, and a ssDNA binding 
nuclear transport protein, BV 1 (Sanderfoot et ai., 1996; Sanderfoot and Lazarowitz, 1996; 
Noueiry et al., 1994; Pascal et ai., 1994). The AC4 gene products of the two component 
begomoviruses seems to be redundant, while the single component viruses may require it 
for movement and symptom development within certain hosts (Latham et aI., 1997; 
Pooma and Petty, 1996; Rigden et ai., 1994; Jupin et ai., 1994). The equivalent 
curtovirus ORF, C4, has been implicated in inducing host cell division (Latham et ai., 
1997). The curtovirus C2 ORF gene product does not have a defined function (Hormuzdi 
and Bisaro, 1995; Sunter et ai., 1994) and the V2 ORF affects the levels of ssDNA 
accumulation (Frischmuth et ai., 1993; Hormuzdi and Bisaro, 1993). The begomovirus 











Table 1.1: Representative species of the three genera of gemini viruses with their host and 
. a vector specIes 
Genus Nameb Referencec Host Vectord 
Begomovirus 
(Monopartite) 
TYLCV-Is Navot et al., 1991 Solanaceae Bemisia tabaci (W) 
TYLCV- Kheyr-Pour et al., 1991 Solanaceae Bemisia tabaci (W) 
Sar 
TLCV-Au Dry et al., 1993 Solanaceae Bemisia tabaci (W) 
Begomovirus 
(Bipartite) 
AbMV Frischmuth et al., 1990 Malvaceae No vector 
ACMV Stanley and Gay, 1983 Euphorbiaceae, Bemisia tabaci (W) 
Solanaceae 
BDMV Gilbertson et al., 1991 a Leguminosae, Bemisia tabaci (W) 
Malvaceae 
BGMV-DR Faria et al., 1994 Leguminosae Bemisia tabaci (W) 
BGMV- Faria et aI., 1994 Leguminosae Bemisia tabaci (W) 
GA 
EACMV Zhou et al., 1997 Euphorbiaceae, Bemisia tabaci (W) 
Solanaceae 
lCMV Hong et ai., 1993 Euphorbiaceae Bemisia tabaci (W) 
PHV Torres-Pacheco et at., 1993 Bemisia tabaci (W) 
SiGMV-Co Hofer et al., 1997b Bemisia tabaci (W) 
SLCV Lazarowitz, 1991 Cucurbitaceae Bemisia tabaci (W) 
TGMV Bisaro et al., 1982; Solanaceae Bemisia tabaci (W) 
Hamilton et al., 1982 
TLCV-ln Padidam et al., 1995b Solanaceae Bemisia tabaci (W) 
ToMoV Gilbertson et aI., 1993 Solanaceae Bemisia tabaci (W) 
Curtoviruses: 
BCTV-Cal Stanley et al., 1986 44 dicot families Circulifer tenellus (L) 
BCTV- Hormuzdi and Bisaro, 1993; 44 dicot families Circulifor tenellus (L) 
Logan Stenger et al., 1990 
BCTV- Stenger and Ostow, 1996 44 dicot families Circulifor tenellus (L) 
Worland 
HrCTV Klute et al., 1996 narrow dicot range Circulifer tenellus (L) 
TPCTV Briddon et al., 1996a Micrutalis malleifora (T) 
Mastreviruses: 
SSV Hughes et al., 1993 Gramineae Cicadulina mbila (L) 
MSV Mullineaux et al., 1984 Gramineae Cicadulina mbila (L) 
PanSY Briddon et al. 1992 Gramineae Cicadulina mbila (L) 
WDV-S MacDowell et al., ] 985 Gramineae Psammotettix alienus (L) 
WDV-F Bendahmane et aI., 1995 Gramineae Psammotettix alienus (L) 
DSV Donson et al., 1987a Gramineae Nesoclutha declivata (L) 
TYDV Morris et at., 1992 Solanaceae, Orosius argentatus (L) 
Legumineae 
CSMV Andersen et aI., 1988 Gramineae Nesoclutha pal/ida (L) 
MiSV Ikegami et at., 1989 Gramineae Unknown 
BeYDV Liu, L. et al., 1997 Legumineae Unknown 
a: Table based upon Tirrnnerrnans et at. (1994). 
b: see Briddon and Markham (1995) for a comprehensive list of the members of the 
gemini virus family. 
c. Reference given for viral genomic sequence. 











The CP, expressed from the V2 or AVI ORF (Kallender et al., 1988; Morris-Krsinich et 
ai., 1985), is responsible for the characteristic geminate particles. The biological function 
of the CP, apart from its essential role in specific vector transmission of geminiviruses 
(Briddon et ai., 1990), is believed to be the control of the late stage of the virus lifecycle. 
The CP influences the amount of ssDNA production, either by sequestering the ssDNA 
into capsids and making it unavailable for conversion into ds replicative form (RF) DNA, 
or in a concentration dependent manner - causing a switch in the production of ds DNA to 
ssDNA (Qin et ai., 1998; Azzam et aI., 1994). The presence of CP, but not necessarily of 
capsids, is linked with the accumulation of ssDNA, as was evidenced by CP and TrAP 
mutants of tomato golden mosaic virus (TGMV), CP mutants of bean golden mosaic virus 
(BGMV), and the accumulation of squash leaf curl virus (SLCV) ssDNA in an 
environment not conducive for capsid formation (Qin et al., 1998; Azzam et al., 1994; 
Sunter et at., 1990). 
In the later stage of their life cycle, mastreviruses require the capsid protein for systemic 
spread; however, whether begomoviruses move as either unencapsidated ssDNA or 
dsDNA, or as a nucleoprotein complex, is unknown (Sudarshana et al., 1998; Pascal et 
al., 1994; Lazarowitz et al., 1989; Gardiner et al., 1988). Once encapsidated the virus is 
acquired by the insect vector, in which it is cycled through the digestive system to the 
salivary glands, and is finally introduced back into the plant host (Reynaud and 
Peterschmitt, 1992) (see Table 1.1 for a list of vector species). The precise nature of the 
interaction between virus and vector is detailed below. 
Experimentally the necessity for an insect vector to transmit geminiviruses has been 
overcome by the discovery that Agrobacterium tumefaciens is able to transfer viral DNA 
into plant cells, allowing infection to occur (Grimsley et ai., 1987; Grimsley et ai., 1986). 
This has led to the practice of cloning dimers, complete or partial viral genomes, between 
the borders of the T -DNA, which is transferred as ssDNA into the recipient cell (Tinland 
et al. (1994) & see Tinland (1996) for a review). The use of A. tumefaciens to transmit 
plant viruses, a technique called agroinfection, has revolutionised the study of 
geminiviruses by allowing greater freedom of mutational analysis without the necessity of 
adhering to the strict requirements for vector transmission. Previously it had been noted 
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The begomovirus CP is often not required for replication or movement, but it is necessary 
for systemic movement of some viruses in certain hosts - e.g. tomato yellow leaf curl 
virus (TYLCV) in N. benthamiana and tomato - and for the enhancement of disease 
progression (Liu, H. et al., 1997; Wartig et aI., 1997; Michelson et aI., 1994; Rochester et 
aI., 1994; Boulton et al., 1989). Complementation of function between the SLCV CP and 
its homologous BV 1 movement protein indicates that in begomoviruses, the CP may have 
some role in movement, although it may be redundant in certain hosts (Ingham et al., 
1995; Rybicki, 1994). This is seen with TGMV, for which three distinct categories of 
movement have been observed: CP-independent local and cell-to-cell movement, CP-
dependent systemic movement, occurring in a wide range of hosts, and CP-independent 
systemic movement found in host for which the particular virus is well adapted (Pooma et 
al., 1996). The accumulation of ssDNA is also associated with the presence of CP, which 
in vitro is a sequence non-specific ss and dsDNA binding protein (Liu, H. et aI., 1997; 
Azzam et al., 1994; Rigden et al., 1993; Boulton et al., 1989). Furthermore, the TYLCV 
CP binds co-operatively to ssDNA and may have an equivalent function to the BV 1 
protein due to the presence of a nuclear localisation signal (Kunik et al., 1998; 
Palanichelvam et al., 1998). 
Symptom severity in mastreviruses is directly related to the ability of the virus to 
systemically infect its host, and is reflected in altered chlorophy 11 levels (Boulton et al., 
1991; McClean, 1947). The extent of chlorotic streaking is related to the stage of 
development at which plants become infected, and is correlated with the degree of 
stunting and yield loss experienced (Rose, 1978; Storey, 1928). With certain isolates of 
MSV the initial symptoms are severe, but later emerging leaves show milder symptoms. 
This is speculated to be due to the inability of the virus to pace its replication cycle with 
that of the plant cell division (Pinner et al., 1988). MSV has been detected only in 
vascular tissue and not the apical meristem within the shoot apex (Lucy et al., 1996). 
However, in mature leaves the virus is not restricted to the vasculature but found in the 
cells of leaves displaying the distinctive chlorotic symptoms. These cells include the 
mesophyll, vascular associated parenchyma and the bundle sheath cells (Lucy et al., 
1996). In N. benthamiana and sugarbeet infected by the curtovirus beet curly top virus 
(BCTV), viral DNA is predominantly located within the vascular tissue and infrequently 
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al., 1994; Briddon et al., 1990; Mullineaux et al., 1984). (More specifically the TYLCV 
CP aa 129 - 134 are responsible for assembly of the virions into capsids (Noris et ai., 
1998).) The high homology between the begomovirus CP sequences is reflected in their 
transmission by a single vector species, Bemisia tabaci, whereas the mastreviruses which 
have relatively lower degree of CP sequence homology, have a larger number of vector 
species (Briddon et al., 1994; Briddon et al., 1992; Boulton et al., 1989).· Understanding 
the transmission of two component begomoviruses was complicated by the recent finding 
that accumulation of ACMV particles within the vector was B component dependent, and 
that transmission was dependent on the presence of the A component over and above the 
requirement for the CP (Liu, S. et al., 1997). Thus, for some geminiviruses there may be 
other virus-encoded factors which influence vector transmission other than the CP. 
1.4: GEMINIVIRUS REPLICATION STRATEGIES 
The virus life cycle is tightly regulated at the level of transcription, with both up and 
down regulation of the expression of proteins involved in either replicating or moving the 
virus. I will present detail of the regulation of the gemini virus life cycle, with particular 
emphasis on replication and the components of the genome involved in controlling it. 
The role of viral DNA cis-acting sequences essential for replication and control of the 
viral life cycle will be discussed with reference to trans-acting activity of the Rep protein 
performing these functions. 
Geminivirus genomes replicate to high copy number in the nucleus of infected cells (Shen 
and Hohn, 1995; Timmermans et al., 1992; Abouzid et aI., 1988; Dollet et al., 1986), and 
also apparently in the plastids, at least in the case of AbMV (Frischmuth et al., 1990). 
Viral genomes exist as minichromosomes (nucleoprotein complexes associated with 
histones) and are found in cells during the S-phase of cell cycle (Accotto et al., 1993; 
Pilartz and Jeske, 1992; Abouzid et al., 1988). Harrison et al. (1977) first obtained 
evidence that geminiviruses had single-stranded circular DNA genomes; it was later 
shown that the virus underwent a ds replicative intermediate during its lifecyc1e (Ikegami 
et al., 1981). Replication via a tightly regulated rolling circle (RC) mechanism was 
subsequently confirmed (see Fig. 1.2) (Stenger et al., 1991; Saunders et al., 1991; 











replication, and ultimately the high copy number, is the origin of replication located 
within the viral intergenic region OR). 
Agroinfection or biolistics, generally using tandemly repeated viral sequences containing 
two IRs, is often performed to analyse the sequences within the IR required for replication 
(Stanley, 1995; Buragohain et ai., 1994; Heyraud et ai., 1993a; Heyraud et al., 1993b; 
Lazarowitz et ai., 1992). Replicational release of monomeric circular ssDNA forms of the 
virus genome occurs by rolling circle replication (RCR) mechanism. Replication is 
initiated at the first IR by Rep together with the host replication machinery, and proceeds 
to the second IR where termination occurs, effectively resulting in one replication cycle 
(Stenger et ai., 1991) (see Fig. 1.2). The replicative release of monomeric circular forms 
occurs preferentially over homologous recombination, even in the presence of large 
duplicated regions of the viral genome (Heyraud et al., 1993b; Stenger et al., 1991). 
1.4.1: The intergenic regions 
There are two non-coding regions of the viral genome in mastreviruses, the larger of 
which is the long intergenic region (UR), which is functionally equivalent to the 
begomovirus common region (CR). The smaller is known as the small intergenic region 
(SIR), and contains the transcription polyadenylation signals reside. The virion associated 
complementary sense oligonucleotide primer anneals to the virion-sense DNA within the 
SIR to initiate second strand DNA synthesis (see Fig 1.2) (Townsend et ai., 1985; Donson 
et al., 1984). The UR, SIR and the Rep protein are required for autonomous replication 
of mastreviruses (Kammann et al., 1991; Lazarowitz et al., 1989), whereas only the CR 
and Rep are essential for begomo- and curto virus replication, which have no such primer 
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The sequence of the LIR is "hypervariable" between viruses when compared to the more 
conserved protein encoding sequences (Padidam et ai., 1995a & Rybicki, 1994). 
Conversely, the approximately 200 bp long CR of the A and B components of a single 
begomovirus isolate are highly conserved (Lazarowitz et aI., 1992; Hayes and Buck, 
1989). There is a direct correlation between the phylogenetic relationships drawn up on 
the basis of begomovirus CR sequences and cognate Rep gene sequence, probably due to 
the specific nature of their interaction (Faria et aI., 1994; Rybicki, 1994). Sequence 
comparisons between the IRs even within the same genus are not good indicators of 
relatedness due to the high degree of sequence variability; however such comparisons 
may be used to differentiate between isolates I strains within a genus (Padidam et al., 
1995a; Rybicki, 1994). 
Investigations of both the differences and similarities between the IR I CRs of various 
viruses have enabled the identification of the cis-elements involved in replication. 
Complementation of protein functions or substitutions of A and B components between 
different viruses, a process termed pseudorecombination (Stanley et aI., 1985), has been 
successfully used investigate the effect of mutations within the CR of begomoviruses. 
Pseudorecombination is possible due to the fact that the A component of begomoviruses 
can replicate autonomously (Rogers et aI., 1986). These types of exchanges have allowed 
investigations of the interaction of Rep proteins with their cognate and non-cognate IRs. 
Due to their single genomic components, investigations of both the curto- and mastrevirus 
IR requires alternative strategies to obtain the analogous data. These strategies are 
described in later chapters. 
The LIR sequence contains the plus strand origin of replication (ori), and the divergent 
promoters for the virion and complementary sense genes (Stenger et al., 1991; Dekker et 
ai., 1991; Sunter and Bisaro, 1989; Townsend eta!., 1985; Morris-Krsinichetai., 1985). 
A distinction needs to be made between the ori and sequences within the IR responsible 
for replication specificity amongst geminiviruses. The ort, by definition, contains all the 
essential cis-acting features required for efficient RCR (see (Khan, 1997; Espinosa et aI., 
1995), (del Solar et aI., 1993; Waters and Guiney, 1993; Koonin and Ilyina, 1993; Ilyina 
and Koonin, 1992) for reviews). Replication specificity determinants (RSDs), on the 
other hand, are elements identified within the LIR that allow interaction between the cis-











interactions. Some of these features are both RSDs and essential parts of the ori 
simultaneously. There are some significant variances in both the RSDs and the spatial 
arrangement of the ort cis-elements between the different genera of geminiviruses (see 
Fig. 1.3) (Arguello-Astorga et aI., 1994a; Arguello-Astorga et aI., 1994b). In an attempt 
to elucidate these features for MSV, the type species of the mastreviruses (Briddon and 
Markham, 1995), I will first present published data on the currently understood 
interactions in the IR of all three genera of geminiviruses and expand in later chapters of 
this work on MSV in particular. 
1.4.1.1: The virion-sense origin of replication 
Common to all gemini virus IRs is a structurally conserved region capable of forming a 
stem-loop (Sunter et al., 1985): this sequence is necessary for the production of viral 
genome units (Kammann et al., 1991). Mutants of the TGMV and BGMV IR confirmed 
that the stem-loop was necessary for DNA replication and was possibly part of the ort 
(Smith and Maxwell, 1994; Stenger et aI., 1991; Revington et al., 1989). Lazarowitz et 
al. (1992) initially mapped the begomoviral ori to a region approximately 90 nt long, 
including the stem-loop region and an adjacent 60 nucleotides on the complementary 
sense side of the IR (see Fig. 1.3). Similar mapping of the mastrevirus ori localised it to a 
region between the Rep TATA box up to and including the stem-loop (Heyraud et al., 
1993b; Hofer et aI., 1992; Schneider et al., 1992). The region immediately 3' of the stem-
loop was not greatly affected by mutations (Schneider et aI., 1992). The begomovirus ori 
has been defined as the region starting from the stem-loop structure towards the Rep ORF, 
which includes direct repeats situated downstream of the Rep TAT A box and a GC-box 
motif, the latter two acting as replication "efficiency elements" (Orozco et al., 1998; 
Eagle and Hanley-Bowdoin, 1997; Revington et al., 1989). Recent data obtained by 
Orozco et al. (1998) has further defined the TGMV minimal ori to an 89-bp region, which 
contains a complex set of cis elements, some of which are essential for replication while 
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Figure 1.3: A schematic representation of the begomo- (A), curto- (B) and mastreviral 
intergenic regions (C). Elements essential for replication: the stem-loop structure with its 
invariant TAATATTAC loop sequence, and the Rep binding sites, shown as straight 
arrows. Elements involved in enhancing replication in begomoviruses are the host 
transcription factor binding areas, the T A TA and GC boxes (boxed) and the CA-motif and 
AG-motif(Orozco et ai., 1998). Rolling circle replication is initiated by Rep. which nicks 
the loop sequence at the penultimate A nucleotide (Stanley, 1995; Laufs et ai., 1995c). 
The loop sequence also contains an AT -rich spacer region, shown by the line inside the 
loop, the sequence of which is not essential for replication (Fontes et ai., 1994b). The 
relative positions of the Rep RNA transcripts to the Rep complementary sense and the MP 
virion sense start codons (A TG) are indicated. The presence of direct repeats, or iterons, 
proven to be involved in specific Rep binding are shown in A and B (Choi and Stenger, 
1996; Fontes et ai., 1994a), while the putative mastrevirus Rep binding sites are indicated 
in C (Arguello-Astorga et ai., 1994a), by the dashed arrows (not to scale). The minimal 
region required for replication of the mastrevirus wheat dwarf virus (WDV) (C), is shown 
by an obliquely hatched box, with the 5' and 3' auxiliary regions (dotted boxes) indicated 
(Sanz-Burgos and Gutierrez, 1998). The presence ofT- rich tracts 3' of the stem-loop in 
WDV, possibly causing DNA bending is underlined by a dashed line (Suarez-L6pez et ai., 











The necessity for the begomovirus stem-loop stem structure for replication, rather than its 
sequence, was shown by mutational analysis (Orozco and Hanley-Bowdoin, 1996). The 
sequence and AT or GC content of the stem was found to be flexible, as long as a certain 
degree of base pairing occurred, as some mismatches are tolerated in ACMV (Roberts and 
Stanley, 1994). Mutations of the left-hand side of the stem were consistently more viable 
than those on the right. The stem of TGMV may be involved in sequence recognition by a 
viral protein, possibly REn (see below), and for this reason mutations in one side, the right 
side in particular, may be deleterious to replication (Orozco and Hanley-Bowdoin, 1996; 
Hanley-Bowdoin et al., 1996). Alternatively a yet undefined further function of the stem 
may be required in planta (Orozco and HanleY-LJwdoin, 1996). In vitro cleavage of 
oligonucleotides by Rep requires neither the stem-loop structure nor the stem sequence, 
L 
but the loop sequence is essential (Orozco and Hanley-Bowdoin, 1996). 
The begomovirus stem-loop structure is 29- to 32-nucleotides long, with the consensus 
sequence GGCCA(T/A)CCGN(T/A)(A/T)TAATATTACCGG(A/T)TGGCC (Lazarowitz, 
1987). Part of the loop sequence, underlined above, is absolutely conserved amongst all 
geminiviruses. The invariant nonanucleotide sequence also has high homology with the 
cleavage sites of <j>X174 (a ssDNA coliphage), pC194 (a bacterial plasmid), circoviruses 
and multi-component ssDNA nanoviruses of plants e.g. banana bunchy top virus (BBTV) 
(Bums et al., 1995; Wu et al., 1994). All these systems replicate via a RCR mechanism, 
which initiates at a stem-loop structure (see later for more detail) (Hafner et al., 1997; 
Stenger et al., 1991). Although the stem can tolerate some degree of mismatch, deletions 
or nucleotide substitutions within the loop sequence of ACMV are sometimes restored to 
wild type (WT) in the presence of a functional IR through homologous recombination 
with another A component (Roberts and Stanley, 1994). Mutations of the second 
adenosine to guanine in the invariant nonanucleotide sequence resulted in a non-infectious 
virus; however, the substitution of a cytosine for the third thymidine was tolerated 
(Roberts and Stanley, 1994; Schneider et ai., 1992). 
The presence of a stem structure enhances the termination of the replication cycle. 
Termination in planta is the result of the two ends of the newly synthesised virion sense 
DNA being covalently joining to form a circular ssDNA genome (see Fig. 1.2). The 











strand (3' hydroxyl end of a cleavage site) and the donor strand (5' phosphoryl end bound 
to Rep) although it was not dependent on this happening (Heyraud-Nitschke et ai., 1995; 
Laufs et al., 1995c). The TGMV stem-loop structure and its cognate sequence are both 
necessary for efficient initiation and termination of replication; this is also presumably 
true for other begomoviruses (Orozco and Hanley-Bowdoin, 1996). A significant 
difference between mastre- and begomoviruses was confirmed by the in vivo experiments 
of Heyraud et al. (1993), where a second site of initiation of replication in the mastrevirus 
WDV upstream of the stem-loop in a region unable to form any secondary structural 
elements was identified. Although initiation of positive strand synthesis occurred from 
this initiation site, there was no termination of replication, resulting in accumulation of 
high molecular weight DNA (Heyraud et al., 1993a; Matzeit et al., 1991). Thus while, the 
requirement for a stem structure for initiation of replication (in this mastrevirus at least) 
was not absolute, it was essential for termination. 
It has been confirmed, using oligonucleotides, that Rep's nicking and joining activity is 
localised at the penultimate nucleotide of the invariant nonanucleotide sequence (Stanley, 
1995; Heyraud-Nitschke et aI., 1995; Laufs et al., 1995c; Heyraud et al., 1993b). 
Exchanges between TGMV and BGMV stem-loops, which differ by two nucleotides in 
the loop sequence part of the AT-rich spacer region, did not affect replication, partly 
confirming that loop sequences outside the invariant sequence are not essential for 
replication (Fontes et al., 1994a; Fontes et al., 1994b). However, in vitro these sequences 
did affect efficiency of cleavage and although the presence of the ninth nucleotide in the 
nonanucleotide sequence is not essential the specific type of base does effect the 
efficiency of replication initiation (Laufs et al., 1995c). Furthermore the complementary 
sequence of the invariant 5' -TAA T ATTAC-3' is 5-GTAA TA TT AN-3', therefore if the 
next nucleotide (N) in the sequence is C, this would not allow Rep to differentiate 
between the plus and minus DNA strand, which could also impact the efficiency of 
replication initiation (Laufs et ai., 1995c). The minimum sequence requirement for in 
vitro Rep cleavage of TGMV DNA is no more than 15 bp including the invariant 
sequence (Orozco and Hanley-Bowdoin, 1996). Hafner et al. (1997) supplied in vitro 
evidence that BBTV Rep was able nick and join oligomers containing only the 
nonanucleotide sequence with no functional stem. This indicates that neither the 
sequence nor the structure of the stem was essential for nicking to occur in vitro. It was 











similarities to the crucifonn shapes fonned due to the genomic and complementary stem-
loop structures in bacterial plasmids or parvoviruses (see refs in Orozco and Hanley-
Bowdoin, 1996). The inability of TYLCV Rep to cleave dsDNA oligomers in vitro is 
partial proof of this (Laufs et aI., 1995c). 
The exact region where the TGMV Rep interacts with the IR during replication was first 
precisely defined by Fontes et al. (l994a) as a 5 bp direct repeat separated by a 3 bp 
central core (5'-GGTAGTAAGGTAG-3'). Furthennore, it was established that while a 
Rep interaction with the 3' repeat was essential for replication, the presence of a WT 5' 
repeat enhanced replication, and that the flanking sequences could also potentially 
influence the interaction (Fontes et ai., 1994a). Further sequence analysis identified 
similar direct repeats in the IRs of other begomoviruses, all of which contained a 
conserved GG dinucleotide sequence (Orozco et aI., 1998; Faria et aI., 1994; Fontes et al., 
1994a). The curtoviruses also have a direct repeat, proven to be necessary for replication, 
whose spatial arrangement is similar to those of the begomoviruses (Choi and Stenger, 
1996) (see Fig. 1.3B). 
Mastreviruses do not have the same types of repeats, and no direct evidence of any 
specific nucleotides sequences other than the stern-loop structure have been shown to be 
necessary for replication (Schneider et al., 1992; Kammann et al., 1991). Sequence 
analysis has, however, shown evidence of a conserved direct repeat in mastreviruses, with 
one repeat situated on the Rep side of the T AT A box and the other fonning part of the 
right-hand side of the stern structure (see Fig. 1.3C) (Arguello-Astorga et al., 1994a; 
Arguello-Astorga et ai., 1994b). Based on analogy with the begomoviruses and other 
circumstantial evidence, the sequence between the T AT A box and the Rep start site 
containing the Rep proximal half of the repeat could be the putative Rep binding region 
(Sanz-Burgos and Gutierrez, 1998; Schneider et aI., 1992). The minimal origin of WDV 
replication was recently delineated to 170 nt upstream and 28 nt downstream of the stem-
loop (see Fig. 1.3C). Furthennore, use of deletion mutants defined auxiliary regions on 
both the 3' and 5' -ends which enhanced replication, and could be involved in stabilisation 
of the replication complex (Sanz-Burgos and Gutierrez, 1998). It was proposed that the 
mastrevirus Rep interacts directly with the stern-loop and that host factors binding at the 
transcriptional activator sequences also found within the IR, may be involved In 











Host specific factors have been implicated in virus replication: for example, although the 
detection of replicating ACMV DNA in non-host cells (i.e. maize protoplasts) indicates 
that the ori is functional in a mono cot as well as a dicot cell system; when compared to 
WDV replication in monocot protoplasts the ACMV replication was 80 - 90 % less 
efficient. This indicates that either specific host factors were required, or that Rep was 
not interacting optimally with the DNA replication machinery (Paszkowski et al., 1993). 
Conversely, TGMV is able to replicate, albeit less efficiently, in cells of non-permissive 
hosts, with its systemic movement being hampered (Stenger et al., 1992). Specific host 
nuclear factors are involved in binding to the LIR of mastreviruses within the rightward 
promoter element, rpel, implying that host DNA binding factors affect replication (see 
later for more details) (FenoIl et al., 1990; FenoIl et al., 1988). The presence of the rpel is 
conserved amongst the mastreviruses which have two imperfect GC rich direct repeats 
separated by a variable spacer region (see Fig 1 JC, where the rpel is indicated as a GC-
box). The distances between these rpel elements and the stem-loop structure also differ 
amongst the various mastreviruses (FenoIl et aI., 1990; Lazarowitz et aI., 1989). The 
biological significance of these differences is uncertain; however, differences in this same 
region in begomoviruses correlate with different host ranges (Hughes et al., 1993; 
Lazarowitz, 1987). 
Spacing within the IR seems to be important, as deletion of certain regions has a negative 
impact on the interaction between cis-elements (Orozco et al., 1998). Sequence 
alignments ofthe begomovirus CRs indicate that the distance between the Rep TAT A box 
and start of the CR was conserved (about 87-nucleotides). The most variable region, in 
terms of size, falls between the TAT A box and the conserved stem-loop (ranging from 23 
to 82bp) (Fontes et al., 1994a). Within this region there are three elements involved in 
enhancing replication, which are simultaneously host factor binding sites. The AT rich 
region around the TAT A box was found to be necessary for TGMV origin function, 
possibly requiring the transcription machinery's role in DNA melting, also necessary for 
efficient replication (Orozco et al., 1998). The second element is a GC-box region 
involved in the transcription of the complementary sense genes and contains spatial 
elements required for replication efficiency (Orozco et al., 1998; Eagle and Hanley-
Bowdoin, 1997). Between the GC-box and the TATA box, a third element (AG motif, 5'-











unknown, it is tentatively presumed to interact with host factors, but it does not affect 
complementary sense transcription (Orozco et aI., 1998). 
The potential role of the transcriptional regulators (the TAT A- and GC-box motifs) in 
mastrevirus replication has not been experimentally confirmed (Sanz-Burgos and 
Gutierrez, 1998; F enoll et al., 1990; Lazarowitz et aI., 1989). Furthermore, whether exact 
spatial arrangements are required or not, is also unknown. It has been demonstrated, 
however, that deletion mutations of the WDV LIR spanning the region between the 
T AT A box of the Rep and the stern-loop abolished replication, implying that either 
sequences within this region or the distance between the motifs were important for 
replication (Hofer et aI., 1992). There are differences in the IR between the curtovirus 
BCTV strains. Some share the same direct repeats i.e. putative Rep binding sites, while 
others differ in the length and sequence of the region between the direct repeats and the 
stern-loop (Stenger, 1994). The region between the 3' end of the direct repeat and the 
stern-loop differ in sequence and length between BCTV -CFH and BCTV -Logan; 
however, evidence of secondary specificity determinants as are required for begomovirus 
replication was not discovered in BCTV (Choi and Stenger, 1996; Fontes et al., 1994b). 
Two further regions within the IR require the particular nucleotide sequences. In the 
begomovirus CR these are exact purine and pyrimidine sequences; in the mastrevirus LIR 
these are T tracts (Orozco et aI., 1998; Suarez-L6pez et aI., 1995). The begomovirus 
TGMV requires both a 25-bp region on the Rep side of the T AT A box, which incl udes the 
direct repeats with essential dual roles in replication and transcriptional regulation of the 
Rep, and a 5' -CCAAAA sequence element or CA motif found outside the minimal ori, 
which is required as an enhancer of replication (see Fig. 1.2A) (Orozco et aI., 1998; Eagle 
and Hanley-Bowdoin, 1997; Eagle et aI., 1994; Lazarowitz et aI., 1992). The sequence 
requirement in mastreviruses, and in particular WDV, is a series of T tracts shown to 
cause bending of the DNA, starting 14 bp 3' of the stern-loop with the centre of the bend 
80 bp away from the loop (see Fig. 1.3C). Bending in DNA replication origins has been 
implicated in the activation of replication in ss plasmids, bacteriophages and yeast cells 
(Suarez-L6pez et aI., 1995; Gutierrez et al., 1995). Bending within this region could 
potentially promote the formation of protein complexes necessary for the binding of 
trans-acting factors involved during replication or transcription (Suarez-L6pez and 











In summary, a large number of cis-elements are involved in the efficient replication of 
geminiviruses. The elements involved in begomovirus replication are: the stem-loop 
structure containing the cleavage site, the Rep binding domain (i.e. the direct repeats), an 
AT-rich sequence based at the TAT A box, a CCAAAA sequence located outside the 
minimal ori, and a AG box and a GC-box 5' of the stem-loop (see ·Fig.I.3A). The 
arrangement of all of these elements is conserved amongst the begomoviruses; 
furthermore spacing between these elements seems to be critical, thereby implying an 
indirect interaction between two or more elements, probably through DNA binding 
proteins (Orozco et aI., 1998). The unique features of the mastrevirus LIR, compared to 
those of the begomovirus IR, are: the presence of virus specific stem-loop sequences, 
direct repeats positioned upstream of the Rep T AT A box and in the left-hand side of the 
stem sequence, the necessity of a stem-loop structure only for termination of replication 
and not necessarily for initiation, and potentially a DNA bending region downstream of 
the stem-loop sequence. Not only are these cis-elements necessary for efficient 
replication, but some have a further role in virus-specific replication, a phenomenon 
shared by all three genera of geminiviruses. 
1.4.1.2: Replication specificity determinants 
A theoretical approach based upon sequence analysis for the elucidation of sequence 
specificity elements involved in replication defined the nucleotide sequences of repeated 
elements - called iterons - for the different genera of geminiviruses (Arguello-Astorga et 
ai., 1994a; Arguello-Astorga et al., 1994b). The assumption was made that viruses with 
different iterons would not be able to trans-replicate each other, i.e. that the iterons acted 
as RSDs. These iterons differed in sequence, but were spatially conserved amongst the 
different lineages of gemini viruses. 
Experimental evidence for the "iteron theory" was provided by numerous studies. 
Chimaeras of SLCV and TGMV, which have the same stem-loop but differ in IR 
sequence, were used to delineate the RSDs to the Rep proximal half of the IR (Lazarowitz 
et aI., 1992). This region constituted 57 bp in SLCV and 52 bp in TGMV 5' of the stem-
loop. Although the sequence of the stem-loop was not essential, enhanced replication 











Fontes et ai., 1994b). More precise mutations of the direct repeats within the IR of a 
TGMV B component to match those of BGMV destroyed the ability of both the TGMV 
and BGMV Reps to replicate the B component. This inability of Rep to recognise and 
trans-replicate the mutant indicated that these repeats, as well as further undefined 
regions, were acting as secondary RSDs (Fontes et aI., 1994b). Further evidence regarding 
the presence of RSDs was supplied by the use of chimaeric Rep proteins, which 
simultaneously helped elucidate the functional Rep domains involved in replication 
(Gladfelter et aI., 1997). These discoveries are more fully explored in the section on the 
essential viral proteins involved in replication. 
The RSDs of the curtoviruses were identified within a 97 bp region of the IR, which 
contained a direct repeat, which is believed to be the putative Rep binding site (Choi and 
Stenger, 1996; Choi and Stenger, 1995; Stenger, 1994). Putative mastrevirus RSDs were 
identified based on the iteron model due to the fact that these viruses have different stem 
sequences, and the relative position of the Rep proximal repeat is conserved, 25 - 35 nt 
downstream of the TAT A box (ArgUello-Astorga et ai., 1994a; ArgUello-Astorga et aI., 
1994b). The repeats (Le. iterons) are GC rich and in all most all cases the right hand side 
iteron in the stem-loop is repeated once 5' of the Rep TATA box (see Fig. 1.3C). 
The assumption that RSDs should contain sequence specific elements led Arguello-
Astorga et ai. (1 994a & b) to identify the stem as being responsible for virus specificity in 
the replication of mastreviruses. Interestingly, the dicot-infecting mastreviruses Be YDV 
and TYDV have a similarly positioned direct repeat, a begomovirus-like feature, sharing 5 
out of 8 nucleotides, (Liu, L. et ai., 1997). Exchanges between the C lIC2 or LIRs of 
MSV and Be YDV resulted in non-viable recombinants, indicating that the cis- and trans-
acting elements necessary for complementation of replication functions were not 
conserved (Liu et ai., 1999). The only evidence of trans-replication between 
mastreviruses is the unpublished data of Heyraud-Nitschke and Gronenborn quoted in 
Bendahmane et ai. (1995), which indicated that the Rep proteins of two WDV strains 
(WDV-S and WDV-ER) are able to complement replication functions. These two viruses 
have 16.4 % sequence divergence over the entire genome and have different stem-loop 
sequences, yet were able to recognise and replicate a heterologous stem-loop 
(Bendahmane et aI., 1995; Heyraud et aI., 1993b). Recent data from our lab indicates that 











strain, MSV-Kom, was able to recogmse and trans-replicate MSV-Kom, albeit 
inefficiently (Schnippenkoetter, 1998). The precise cis-elements, which would allow 
more efficient replication, were not identified. 
1.4.2: Complementary sense origin of replication 
Initiation of complementary strand DNA synthesis is a crucial early event in the virus 
lifecycle, without which the complementary sense genes cannot be expressed. The 
mastrevirus complementary strand origin is located in the smaller of the two intergenic 
regions, the SIR, where a DNA primer approximately 80bp long binds to its 
complementary sequence (positions 1123 - 1206 in MSV-N). This primer initiates DNA 
synthesis upon cell entry (Kammann et al., 1991; Mullineaux et af., 1984; Donson et al., 
1984). The region adjacent to the 3' end of the primer within the C2 ORF has the 
potential to form two stem-loops, which by analogy with other systems, could be involved 
in synthesis of ds replicative intermediates (see references within Donson et al., 1984). 
The presence of a DNA primer has also been detected for WDV (Hayes et al., 1988), 
digitaria streak virus (DSV) (Donson et al., 1987b), chloris striate mosaic virus (CSMV) 
(Andersen et af., 1988), sugarcane streak virus (SSV) (unpublished data cited in Hughes 
et al., 1993) and TYDV (Morris et al., 1992). The primer is encapsidated with the viral 
genome, potentially giving the virus an expedient way of initiating second strand 
synthesis and therefore replication (Hayes et af., 1988; Donson et al., 1984). 
The distance between the LIR and SIR does not seem to be absolute: extending the 
distance considerably does not have a deleterious effect on replication; however, bringing 
the two intergenic regions closer seems to have adverse effects (Matzeit et al., 1991; 
Lazarowitz et al., 1989). Insertions of sequences of varying lengths (up to 32 bp) into 
certain sites within the SIR does not affect the ability of an agroinfected MSV mutant to 
become infectious; however the foreign DNA was often deleted, possibly by homologous 
recombination (Shen and Holm, 1991). 
The SIR also contains the polyadenylation sequences of the virion and complementary 
sense genes, similar to the homologous region in the curto- and begomoviruses (Dekker et 
aI., 1991). Unlike the mastreviruses, however, the initiation of complementary strand 











of replication within the IR of begomoviruses suggests that initiation of both virion and 
complementary strand DNA synthesis occurs from this region, while Saunders et al. 
(1992) proposed that an RNA primer initiates the synthesis of dsDNA intermediates 
within the IR (Lazarowitz et al., 1992). 
1.4.3: Replication associated protein 
Numerous mutational studies have mapped the viral protein involved in replication of the 
begomoviruses to the AC 1 ORF (Evans and Jeske, 1993a; Lazarowitz et al., 1992; 
Hanley-Bowdoin et al., 1990; Elmer et al., 1988), of the mastreviruses to the C lIC2 ORF 
(Kammann et al., 1991; Matzeit et al., 1991) and of curtoviruses to the C 1 ORF (Klute et 
al., 1996; Stanley et al., 1986). The AC 1 gene product is equivalent to the Rep encoded 
from the spliced ClIC2 mRNA of the mastreviruses (Etessami et al., 1991; Han1ey-
Bowdoin et at., 1990; Schalk et al., 1989) (see Fig. 1.4). The curtovirus Rep is 
functionally very similar to those of the begomoviruses as is reflected by their closer 
sequence homology (Rybicki, 1994). There seems to be functional conservation between 
the Reps of all three genera of gemini viruses, despite their apparent specificity for their 
cognate IRs (Gladfelter et al., 1997; Jupin et al., 1995; Choi and Stenger, 1995; Laufs et 
al., 1995b; Fontes et al., 1994b; Lazarowitz et al., 1992). (See Laufs et al. (1995a) for a 
review on Rep protein functions and Hanley-Bowdoin et al. (1996 and 1999), and Bisaro 
(1996) for reviews on geminivirus replication in general.) 
Rep proteins are multifunctional. They are responsible for the initiation of virion sense 
DNA synthesis (Elmer et aI., 1988), origin recognition (Fontes et aI., 1994b), inducing the 
accumulation of host proteins necessary for replication (Nagar et al., 1995), interaction 
with cell cycle regulators (Horvath et al., 1998; Ach et al., 1997; Xie et al., 1996; Xie et 
al., 1995), and in begomoviruses at least, they negatively regulate their own transcription 
(Hong and Stanley, 1995; Sunter et aI., 1993; Haley et al., 1992). 
The Rep proteins share conserved motifs with the functionally similar proteins involved in 
RCR of bacterial plasmids. These motifs are: motif I, which has the aa sequence 
FL TY(P/S)xCx and has an unknown function; motif II, which contains two histidine 
residues positioned within a series of bulky hydrophobic residues, and is thought to bind 











cleavage and linkage; and motifIV, which is a putative NTP binding site and has potential 
helicase activity (Koonin and Ilyina, 1993; Ilyina and Koonin, 1992; Koonin and I1yina, 
1992). Not all these identified motifs have been experimentally proven to playa role in 
Rep activity. Motif III, in particular the tyrosine residue, has however been proven to be 
responsible for nicking activity in TYLCV (Hoogstraten et aI., 1996; Laufs et aI., 1995b). 
Rep must specifically interact with and bind to DNA in order for nicking to take place, 
and has been shown to bind both dsDNA and ssDNA, with higher affinity for the latter in 
vitro (Thommes et al., 1993; Fontes e t aI., 1992). The binding is sequence-specific as Rep 
preferentially binds ssDNA sequences from within the IR (Laufs et ai., 1995c). 
Furthermore, not only is the IR sequence specifically bound by Rep, but it has higher 
affinity for its cognate IR sequence (Jupin et ai., 1995; Fontes et aI., 1994a; Lazarowitz et 
aI., 1992), (Gladfelter et aI., 1997; Fontes et ai., 1994b). 
The presence of the other RCR protein motifs are required for full Rep activity. The 
conserved motifIV, with the sequence EGX.GKTX32DD, is a known NTP binding motif, 
having the characteristic P-Ioops found in proteins with kinase and DNA helicase activity 
(Hanson et ai., 1995; Gorbalenya and Koonin, 1989). This motif is not required for 
nicking and joining of ssDNA nor DNA binding in vitro; however, it is essential for 
continuance of the replication cycle in vivo (Desbiez et aI., 1995; Hanson et aI., 1995; 
Heyraud-Nitschke et al., 1995; Thommes eta!., 1993). Mutations within this motif of 
various begomovirus Reps have either abolished activity or detrimentally impaired its 
function (Desbiez et al., 1995; Hanson et aI., 1995; Eagle et aI., 1994; Desbiez et aI., 
1995). The putative helicase activity is yet to be confirmed using the native protein and 
not recombinant fusions; however circumstantial evidence, based on homology of the 
BGMV Rep's NTP binding domain with members of the helicase superfamily III, 
indicates a potential role of this motif in DNA replication activity (Desbiez et aI., 1995: 
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Figure 1.4: A schematic representation of the Rep protein of begomoviruses (A), 
curtoviruses (B) and mastreviruses (C). Conserved motifs shared with rolling circle 
replication proteins are indicated as follows, starting from the left: motif I, hatched box; 
motif II, wavy lined box; motif III, light hatched boX; and motif IV, two narrow black 
boxes (see text for details) (Koonin and Ilyina, 1993; Ilyina and Koonin, 1992; 
Gorbalenya and Koonin, 1989). Domains found in myb-like gene products overlap with 
motif IV in the Rep protein of all three genera of geminiviruses (not shown) (Hofer et al., 
1992). The begomovirus Rep specificity determinants are indicated with respect to 
TGMV aa positions (numbers above the large boxes) as defined by Gladfelter et al. 
(1997). The domains and the two helix-loop-helix motifs implicated in Rep/Rep 
oligomerisation and DNA binding are indicated by the circles and solid lines, respectively 
(A) (Orozco et ai., 1997). The virus specific determinants of replication and 
transcriptional repression, indicated by solid lines under (A), are implicated in interacting 
with the direct repeats within the CR (see Fig. I.3A). Secondary determinants necessary 
for efficient replication and transcriptional repression are underlined, a short solid line and 
dashed line, respectively (Gladfelter et al., 1997). Amino acid residues 3 to 89 of BCTV 
(B) implicated in virus specific ori recognition and replication are indicated by the solid 
line (Choi and Stenger, 1995). Although the MSV Rep protein is represented (C), the 
cleavage and joining activity of RepA has only been confirmed for WDV (Heyraud-
Nitschke et ai., 1995). A RepB protein product has never been detected in vivo, although 
the MSVs have a start codon for the C2 ORF (Lazarowitz, 1988). The presence of a 
conserved Rb motif, indicated by the black diamond, known to interact with viral cell 
cycle regulators, has been identified in most mastreviruses (Horvath et ai., 1998; Xie et 
al., 1996; Collin et al., 1996; Xie et al., 1995). The protein product of the spliced mRNA 
of the mastrevirus ClIC2 ORF, Rep, is indicated by the long solid line under (C), with the 
parts contributed by RepA and RepB defined by the dotted line. The Rep and RepA 
domains identified for oligomerisation, putatively origin recognition (a-helix) and 











The use of truncated proteins with N- and/or C-tenninal deletions have identified the 
functional domains involved in the various Rep activities (see Fig. 1.4). The N-tenninal 
domains of the begomo-and mastrevirus Rep are essential for cleavage and joining 
activity (Orozco et al., 1997; Jupin et al., 1995; Heyraud-Nitschke et al., 1995). Cleavage 
activity of the TGMV Rep was delimited to the N-terminal first 120 residues, and 
similarly that of TYLCV to the N-tenninal 116 residues (Orozco et al., 1997; Jupin et aI., 
1995). 
Two specific domains of the begomovirus Rep protein have been identified as origin 
recognition detenninants. The first domain providing origin specificity is between aa 1 
and 116, which recognises the direct repeats within the origin-binding site. The second 
domain between aa 121 and 209 is not dependent on the first DNA binding domain. This 
second domain was not detected in BCTV or TYLCV, potentially due to the higher 
homology between the isolates used to make chimaeric proteins in those experiments (see 
Fig 1.4) (Gladfelteretal., 1997; Jupinetal., 1995; Choi and Stenger, 1995). The 
replication detenninants overlap slightly with those responsible for the ability of Rep to 
repress complementary sense transcription, and vary slightly amongst the different 
begomoviruses (Eagle and Hanley-Bowdoin, 1997; Eagle et al., 1994). 
The N- tenninal region of the ACMV Rep is involved in down regulation of both its own 
and of AC4 ORF expression. A larger region of the TGMV and BGMV Rep is required 
for replication than for specific transcriptional regulation, with aa residues 66 - 93 being 
required for efficient binding and repression and residues 121 - 209 also contributing to 
activity (see Fig. 1.4A) (Gladfelter et al., 1997; Hong and Stanley, 1995; Fontes et ai., 
1994a). The possible reason for this difference is that the initial Rep interaction with DNA 
is sufficient to repress transcription but more interactions are required for replication. 
These interactions could either be Rep-Rep or Rep-REn binding or even binding between 
Rep proteins and host factors (Gladfelter et al., 1997). The Rep proteins from BGMV and 
TGMV are 82 % similar at the amino acid level, and have different DNA recognition and 
replication specificities (Fontes et al., 1994b), yet they are able to form active 
heteroligomers, showing that the protein-protein binding domains are conserved between 
the two viruses (Settlage et aI., 1996). The protein-protein binding domains identified by 











cleavage activity, implying that Rep multimers are required for efficient replication. The 
a-helices, identified by computer analysis in TGMV between aa 25 - 52, and another 
within the oligomerisation domain, may have a role in the binding and cleavage activities 
(see Fig. 1.4A) (Orozco et aI., 1997). Within the MSV Rep are two predicted a-helices, 
one within the N-terminal domain and the other within the oligomerisation domain, with 
the former postulated to have a role in specific origin recognition (see Fig.-l.4C) (Horvath 
et al., 1998). 
Interactions between Rep and REn, the begomo- and curtovirus proteins necessary for 
enhancing replication, form hetero-oligomers which are thought to stabilise Rep's 
interaction with the IR (Settlage et ai., 1996; Hormuzdi and Bisaro, 1995; Sunter et al., 
1994; Fontes et ai., 1994a; Sunter et al., 1990a). The Rep-REn interaction is not virus 
specific, although it preferentially occurs between proteins from the same virus, as it even 
extends to mixtures between curto- and begomoviruses (Gladfelter et al., 1997; Sung and 
Coutts, 1995; Hormuzdi and Bisaro, 1995; Sunter et al., 1994). 
Although the N-terminal domains have been extensively mapped, no firm function other 
than the ATPase activity of motif IV has been assigned to the C-terminal region. Within 
this motif, however, are aa residues conserved with the :-J-terminal DNA binding domains 
of plant transcription factors. These transcription factors have homology with the avian 
myeloblastosis (myb) oncogene regulatory protein, which opens up further speculation on 
the numerous roles Rep has within the cell (Hofer et aL 1992). The last 39 C-terminal aa 
of the TGMV Rep haye been implicated as essential regions for replication and repression 
in vivo, as a larger deletion of 139 C-terminal aa enhanced DNA binding four fold in 
vitro. This provided evidence of a DNA binding negative effector within the 39 C-
terminal aa (Gladfelter et aI., 1997). In vivo this part of the Rep may be involved in 
binding other factors, thereby cancelling the negative effect it may have on DNA binding 
(Orozco et ai., 1997). Similarly it has been hypothesised that the C-terminal region of the 
mastrevirus Rep may require interaction(s) with host factors to allow exposure of the 











In summary, the Rep protein is absolutely required for RCR of gemini viruses. There are 
conserved motifs present in the Reps of all three genera, of which only two have so far 
been confirmed as essential for activity: these are Motif III, containing the nicking 
tyrosine residue, and MotifIV, which is an NTP binding domain. The N-terminal region 
of Rep is responsible for DNA binding, protein-protein interactions, cleavage and joining 
activities. There are two regions within the begomovirus Rep N-terminal domain which 
contribute towards the specificity its activity in replication, and two regions involved in 
transcriptional repression. Rep is able to form oligomers, and to interact with REn and 
various other cell cycle regulators. 
1.4.3.1: Post-transcriptional regulation of Rep 
A feature of the mastreviruses not shared by the begomo- and curtoviruses is the use of 
introns for regulation of protein expression. The mastreviruses regulate their Rep gene 
expression, with Rep and Rep A expressed from the same complementary-sense transcript 
(Wright et aI., 1997). The complementary sense ORF mRNAs are expressed at very low 
levels, and there is also proportionally more unspliced C1 mRNA than the spliced C1/C2 
mRNA in MSV infected maize plants (Wright et al., 1997; Mullineaux et al., 1990; 
Accotto et aI., 1989; Morris-Kr inich et aI., 1985). The C1/C2 intron of DSV is not 
efficiently spliced in Digitaria and was not spliced at all in tobacco (Mullineaux et aI., 
1990). The significance of the expression of more RepA relative to Rep is as yet 
unknown, but may it regulate the change from viral DNA replication to that of 
encapsidation. 
The role of post-translational modifications, and in particular phosphorylation, on 
regulation of begomoviral Rep activity has been investigated (quoted as unpublished data 
by Laufs et ai. 1995a). Regulation of protein activity by phosphorylation is well 
characterised in eukaryotic systems. A similar effect could regulate Rep activity, and 
there is evidence of Rep phosphorylation; however the specific domains involved have 
not yet been identified (Laufs et aI., 1995a). Unpublished data of Hartitz and Bisaro 
(cited in Bisaro 1996) also indicates that the TGMV and TYLCV Reps are 











1.4.2.2: The role of Rep during rolling circle replication 
Two models exist for Rep activity in the gemini virus IR: in the first Rep binds at the 
direct repeat, melts the DNA due to its putative helicase activity and then proceeds to nick 
at the stem-loop (Fontes et al., 1994a). In the other, the combination of transcription 
factors binding at the GC-box and the TAT A box, and the presence of REn binding to 
Rep and interacting both with Rep and the stem-loop, causes bending of the DNA to meet 
Rep bound at the direct repeat (Hanley-Bowdoin et al., 1996; ArgUello-Astorga et al., 
1994b). The resolution of the cycle of replication would require the presence of a second 
tyrosine residue, presumably from a Rep dimer, with the second Rep supplying the 
required residue. There are two models for the resolution of Rep's activity: in the first, 
Rep acts as a oligomer, with the first Rep becoming covalently attached to the 5' end of 
the nicked DNA by a phosphodiester bond, allowing the free 3'OH group to act as a 
primer for DNA synthesis (Settlage et al., 1996; Laufs et al., 1995c). Rep would remain 
attached until a full cycle of replication has occurred and the stem-loop is reached again at 
which point a second Rep nicks the newly formed structure (see Fig. 1.2). The new free 
3' -0 H acts as an acceptor of the ssDN A from the first Rep, while the second Rep 
becomes covalently attached to the new 5' end resulting in a continuous replication 
mechanism (Orozco and Hanley-Bowdoin, 1996; Laufs et al., 1995b). The second model 
would require additional Rep tyrosine residues possibly at motif I, and the separation of 
the linked DNA strand from the Rep from one tyrosine residue to another. However, 
neither scheme has yet been proved (Ilyina and Koonin, 1992). 
Evidence of begomo- and mastrevirus Rep proteins forming oligomers lends more weight 
to the first model (Sanz-Burgos and Gutierrez, 1998; Horvath et al., 1998; Settlage et al., 
1996). Dimerization of Rep would provide 2 active site tyrosines; furthermore, each of the 
subunits involved in the oligomer could be responsible for binding to one of the repeated 
motifs in the DNA binding site of the IR, binding at secondary sites identified in the IR by 
Arguello-Astorga et al. (1994 a & b), a~1(jjor the binding specificity regions identified by 










1.4.3.3: Transcriptional control of the mastrevirus virion-
sense genes 
36 
The core MSV virion-sense promoter required for MSV virion sense transcription was 
delimited to the region spanning the start of the CP gene through to the 3' side of the 
stem-loop (see Fig. l.3C). A further region within the LIR which includes the stem-loop 
and the rpeJ element sequences, called the upstream activating sequence (UAS), has been 
shown to enhance expression from the CP promoter (Hofer et ai., 1992; Fenoll et ai., 
1988). There is evidence from a transient expression study undertaken in suspension 
culture cell lines that the stem-loop structure itself is not required for "irion sense 
transcription (Hofer et ai., 1992; Fenoll et aI., 1990). The region upstream of the virion 
sense TAT A box has a number of CTTTT tracts and CCAA T box motifs, which have 
been implicated in causing DNA bending and are often characteristic of promoter regions 
(Suarez-L6pez et ai., 1995; Gutierrez et ai., 1995; Hofer et al., 1992). 
Viral sequence elements with homology to plant gene regulatory elements were also 
identified on the basis of sequence comparisons to known plant transcriptional cis 
regulatory elements (Arguello-Astorga et al., 1994a). An invariant core sequence 
(CACGTC), which is known to be bound by eukaryotic transcription factors, was 
identified in the region between the TAT A box and the stem-loop. The presence of this 
element indicates a role for host factors in the transcription of viral genes. Furthermore, 
levels of transcription from the CP promoter are dependent on the type of host cell 
(Matzeit et ai., 1991). 
The evidence for mastreviral Rep proteins acting as transcriptional trans-activators was 
recently analysed by Palmer and Rybicki (1998). They discounted the obsenoations made 
by Hofer et ai. (1992) using WDV based constructs to prove Rep's role in trans-
activation. This was due to the potential of these constructs to form high molecular 
weight RF DNA, meaning that expression from the virion sense promoter only due to 
trans-activation may have been miscalculated because of the additive effect of genome 
copy number on gene expression (Palmer and Rybicki, 1998). Other evidence for the 
trans-activation of the virion-sense promoter by Rep comes from a study involving WDV 
and the expression of the ~-glucuronidase (GUS) gene as a V2 gene replacement (Collin 











higher when both Rep and RepA were present than when only Rep was present. In vitro 
studies have shown that RepA is able to nick and join DNA, both essential functions for 
replication of geminiviruses (Heyraud-Nitschke et aI., 1995); however, the presence of a 
RepA protein in vivo has yet to be confirmed. Unlike Rep, RepA lacks a nuclear targeting 
domain (Hofer et al., 1992) therefore, in order to function in the nucleus RepA would 
need to interact with Rep. Horvath et al. (1998) provide evidence of weak interactions 
between hetero-oligomers of Rep and RepA, and stronger interactions as homo-oligomers. 
It has been proposed that RepA could have numerous roles: these are the down regulation 
of replication, enhancement of virion-sense gene expression (trans-activation) and 
interactions with host factors (Palmer and Rybicki, 1998; Horvath et al., 1998). An 
increase in viral replication was observed when Rep was expressed from an intronless 
Cl/C2 ORF for both WDV and BeYDV, which seemed to indicate that the presence of 
RepA may have a negative effect on replication (Liu et aI., 1998; Collin et al., 1996). 
In begomoviruese, two different viral proteins are involved in replication and trans-
activation: these are Rep and TrAP. While both the curto- and begomoviruses have a C2 
ORF, only the latter (excepting TYLCV -Sar; Wartig et al., 1997), express a 
transcriptional activator protein called TrAP. This has a confirmed role in trans-
activation within specific host plants and tissue types (Sunter and Bisaro, 1997; Hormuzdi 
and Bisaro, 1995; Sunter et al., 1994; Stanley et al., 1992b; Etessami et a!., 1991). The 
precise mechanism of TrAP activity is unknown; however, in vitro it binds both ss and 
dsDNA non-specifically, and it is known to act at the level of transcription (Sunter and 
Bisaro, 1997; Noris et ai., 1996; Sung and Coutts, 1996; Sunter and Bisaro, 1992; Haley 
et ai., 1992; Sunter et a!., 1990). The minimal cis-element responsible for the trans-
activation by TrAP of the pepper huasteco virus (PHV) CP promoter has been recently 
identified as a 16 bp sequence, which is able to confer responsiveness to heterologous 
promoters (Ruiz-Medrano et aI., 1999). 
1.4.3.4: Regulation of complementary sense gene expression 
Multifunctional proteins involved in both replication and transcription are not unique to 
geminiviruses: other viral proteins such as the papillomavirus El and E2 proteins and the 











evidence exists for the regulation of the mastrevirus complementary-sense genes by Rep, 
however, a wealth of infonnation exists on the ability of the begomovirus Rep to regulate 
its own expression, and also that of the other genes transcribed from the polycistronic 
mRNA (Mullineaux et ai., 1993). Expression of the complementary-sense begomovirus 
genes, apart from the essential Rep protein, ensures that the virus is able to infect the host 
systemically and accumulate sufficient levels of viral DNA (Etessami et·al., 1991). The 
necessity for both TrAP and REn expressed from the complementary sense DNA, has 
been well established (Sunter and Bisaro, 1991; Sunter et aI., 1990). Because the virion 
and complementary sense promoters overlap with the ori, a number of subtle switches 
must control replication and simultaneously co-ordinate expression of viral genes. 
The full begomovirus complementary sense promoter, includes the intact IR plus some of 
the virion sense DNA (133 bp from the start CAC) CZhan et al., 1991). Regulation of the 
expression of complementary sense genes by the CP of ACMV was detected using an 
experimental system in which the CP was highly overexpressed. Other than this 
example, no other A component encoded protein besides Rep is involved in repression of 
the ACI promoter (Hong and Stanley, 1995); furthennore, only the ACI and not the BCI 
promoter is regulated by Rep (Sunter et al., 1993). Down regulation of the 
complementary-sense promoters of both ACMV and BCTV with the simultaneous 
repression of AC4 and C4, respectively, was shown to be due to Rep (Hong and Stanley, 
1995; Mullineaux et al., 1993). The promoter region involved in repression was mapped 
to within a 92 bp region immediately upstream of the Rep start codon including the 
TA TA box and transcription start site (Hong and Stanley, 1995), and contains the 13 bp 
direct repeat essential Rep binding sequences for replication (Eagle et ai., 1994; Fontes et 
aI., 1994a). Although the sequences responsible for repression of transcription and 
replication are the same, these two functions are not linked, and repression was shown to 
be tissue specific (Eagle et al., 1994). 
Mapping the interaction between Rep and the direct repeats within the CR has delimited 
the regions of both the protein and the CR sequence involved in the repression event. 
Mutated Rep proteins missing the C-terminal portion of the protein (i.e. having a 
frameshift mutation from the putative helicase motif), are able to bind to the direct repeat 
and to repress expression but can not initiate replication. Heterologous Rep protein from 











the RSDs for transcriptional repression as for replication (Fontes et aI., 1994a). The exact 
nature of the Rep protein activity during repression is unknown, but it is hypothesised by 
Eagle et al. (1994) that it may be involved either in interacting with specific host 
transcription factors, or in competing for their binding sites. 
The repression by Rep of its own promoter has been extensively studied using numerous 
begomoviruses as model systems, and given the presence of an analogous Rep proximal 
iteron in mastreviruses, a similar repression event may occur. However, this is unproven. 
Evidence of Rep oligomers binding to this region was recently obtained, where a WDV 
Rep complex was visualised binding between the TAT A box and the start site of the C 1 
ORF (Sanz-Burgos and Gutierrez, 1998). 
1.4.3.5: Rep interactions with the host cell cycle regulators 
Interactions between the mastrevirus Rep and plant cellular proteins, and particularly 
factors that are involved in regulating the cell cycle, have been recently examined 
(Horvath et ai., 1998; Xie et al., 1996; Collin et al., 1996; Xie et ai., 1995). 
Retinoblastoma proteins (Rb) are negative regulators of the cell cycle and control the 
mammalian cell cycle by sequestering transcription factors (TF) (e.g. E2F), which are 
essential for the cell to continue in development into S phase (Hirt, 1996). While 
hyposphosphorylated, the Rb protein arrests cells in G 1 phase. Once either 
hyperphosphorylation or sequestered by interaction with an oncoviral protein, Rb is 
inactivated, which allows cellular replication to begin (Grafi et al., 1996). Viral 
oncoproteins (e.g. SV40 T antigen; see Fanning and Knippers, 1992, for a review) are 
known to interact with Rb proteins and prevent their regulation of the transcription factors 
in mammalian systems (Xie et ai., 1995). 
A motif with the sequence LXCXE, similar to those found in the expressed immediate 
early genes of oncoviruses, was identified in the C-terminal region of the spliced and 
unspliced products of the WDV C1/C2 mRNA, Rep and RepA (Xie et ai., 1995). It is 
present in all other sequenced mastreviruses sequenced to date, except SSV, MiSV and 
CSMV (Liu, L. et al., 1997; Xie et al., 1995). Xie et al. (1995) were able to show a 
direct interaction between the WDV RepA LXCXE motif and Rb (a human Rb 











WDV RepA has also been demonstrated both in vivo and in vitro, and the presence of 
either ZmRb, or p 130, in transfected cells causes a reduction of WDV replication (Xie et 
al., 1996; Grafi et al., 1996). In a yeast two-hybrid system the MSV Rep A is able to 
interact with both the maize and human Rb. Rep is less proficient possibly indicating that 
it is conformationally changed due to its longer length, its interactions with other proteins 
or its phosphorylation state (Horvath et al., 1998). 
Recently two Zea mays genes, RRBl and RRB2, both encoding Rb-like proteins, were 
discovered. Although neither curto- nor begomovirus Rep proteins contain the LXCXE 
motif, TGMV Rep was shown to specifically complex with RRB 1 (Ach et al., 1997). 
This provides evidence that binding motifs other than LXCXE may be present on the 
geminivirus Rep proteins, allowing binding to cell cycle regulators. These motifs could 
involve the putative myb transcription factor-like binding domain in the C-terminal part of 
the WDV Rep (Hofer et al., 1992). 
Viral replication preferentially occurs in an environment conducive to actively replicating 
DNA, as evidenced by the replicative form of DSV viral DNA detected in S phase cells 
(Accotto et ai., 1993). Contrasting with these observations was the finding that neither 
MSV nor WDV replication was reliant on its host cell's DNA replication, but on cell 
division (Lucy et al., 1996; Timmermans et al., 1992). Replicating TGMV has also been 
detected in the nuclei of terminally differentiated cells. This was unexpected as 
geminiviruses, except for AbMV, were previously thought to replicate only in actively 
dividing plant cells (Nagar et a!., 1995; Horns and Jeske, 1991; Matzeit et ai., 1991; 
Boulton and Davies, 1990). 
Further evidence that gemini viruses are capable of influencing the cell cycle was provided 
by the detection of PCNA protein in cells infected with TGMV (Nagar et ai., 1995). 
PCNA is involved in the replication machinery's DNA PoliS processivity (Loor et aI., 
1997), and both the protein and mRNA had also only been previously detected in actively 
dividing cells (see refs. in Nagar et al., 1995). PCNA was also detected in transgenic 
plants expressing the Rep protein, therefore specifically implicating Rep as the inducer of 
PCNA accumulation. There is evidence of other viral proteins influencing the cell cycle: 
when the C4 protein of BCTV is expressed in transgenic N. benthamiana the plants 
undergo abnormal development and produce tumorigenic growths (Latham et al., 1997). 











WT BCTV and other monopartite begomoviruses cause vein swelling, which is seen as 
the familiar symptom of leaf curling due to the division and expansion of parenchyma 
cells. All of this evidence points towards geminiviruses influencing the host's cell cycle 
(Nagar et al., 1995; Stanley et al., 1992b). 
Based on the evidence provided by both Nagar et al. (1995) and Latham et al. (1997) it 
can be inferred that gemini viruses are able to induce DNA replication in quiescent cells, 
which - due to the nature of plant cells - results in dedifferentiation. The ability to 
dedifferentiate cells is linked to the finding of WDV Rep interaction with Rb; however no 
evidence as yet has been found showing accumulation of host replication enzymes due to 
the presence ofWDV Rep (Ach et al., 1997). 
1.4.4: Comparisons with other rolling circle replication 
systems 
Although it had been known for some time that geminiviruses undergo rolling circle 
replication, similar to ssDNA plasmids, it had been assumed that the Rep proteins may not 
be able to interact with the prokaryotic DNA replication machinery. The discovery that a 
partially dimeric clone of the TLCV vial genome apparently replicates in A. tumefaciens 
C58 opened up speculation on the origines) of geminiviruses (Rig den et al., 1996). This 
evidence led to speculation that geminiviruses may have evolved from a prokaryotic 
replicating episomal source, employing RCR as its mechanism for replication (Rigden et 
al., 1996). The detection of AbMV in plastids, and its prokaryotic promoter-like elements, 
further supports this speculation (Frischmuth et al., 1990). 
The presence of conserved motifs within the Rep proteins of replicons as diverse as those 
from eukaryotic ssDNA viruses, ssDNA plasmids, phages and Ti plasmids, all of which 
replicate via a RCR mechanism, strongly implies that they have a common origin (Ilyina 
and Koonin, 1992; Koonin and llyina, 1992). They share similar arrangements of motifs, 
which are unlikely to evolve independently in several lineages (Koonin and Ilyina, 1993; 
Ilyina and Koonin, 1992). The simian virus 40 (SV 40) T antigen shares several features 
with those of geminivirus Reps, such as regulation of the virus lifecycle, repression of its 
own transcription, initiation of viral replication and stimulation of the expression of viral 
capsid genes. Furthermore, it regulates the host cell cycle by binding to a number of 











A TPase activity, acts as a protein complex, and is regulated by phosphorylation (see 
Fanning & Knippers, 1992 for a review). 
Similarities of geminiviral replication to the RCR strategies of bacterial plasmids are 
remarkable, both as regards the functions of Rep, and the mechanism of replication (see 
del Solar et aI., 1998; Khan, 1997 and Espinosa et aI., 1995 for recent reviews). The Rep 
protein of these plasmids introduces a nick at a specific site and termination involves a 
Rep-catalysed strand exchange to form a dsDNA and ssDNA product (Espinosa et al., 
1995). While the dependence on host factors for replication is absolute, the requirement 
for viral cis-elements both in the art and in the complementary sense origin is more 
flexible (Espinosa et a!., 1995). Conserved features include the highly specific recognition 
of the ari by its cognate Rep and the presence of two regions within the ari, one bound by 
Rep and one nicked by the same protein. These regions are either adjacent to each other 
or separated by spacer regions between 13 - 91 nucleotides in length. Initiation of 
complementary sense DNA synthesis begins in a highly heterologous region, even 
amongst plasmids of the same family, a similarity shared by the SIR of mastreviruses 
(Schnippenkoetter, 1998; Khan, 1997). 
In contrast to most plasmids undergoing rolling circle replication and the circo- and 
nonoviruses, the direction of gemini virus Rep transcription is in the opposite direction to 
that of replication. Moreover the art is not encoded within the Rep ORF as is usually the 
case Vv1th plasmids (Khan, 1997). The binding regions are not conserved within plasmids 
of the same family (e.g. pT 181 and pC 194), but the nicking regions are, and they form 
part of a stem-loop structure. Nicking prior to an adenosine residue seems to be 
conserved amongst all the plasmid families, circo-, nanoviruses and phages, and 
geminiviruses (del Solar et al., 1998). In contrast to geminiviruses, direct repeats or 
Herons are not found in the art of most RCR plasmids (Khan, 1997). The sequence 
requirements for initiation of replication in plasmids are greater than for termination, with 
various nucleotides enhancing nicking and others involved in joining. Sequences in the 
left arm of the stem region are less critical for nicking of oligonucleotides, but are 
essential for joining (Khan, 1997). However, pT181 was shown to require specific 
sequences found in the stem even if mutations conserved base pairing (see refs. in 
(Orozco and Hanley-Bowdoin, 1996)). The secondary structures of the ari are more 











during these events may be different (Khan, 1997). A 100 nt DNA bending locus has 
been identified in p T 181, which increases the interaction between the Rep protein and the 
ori. This is strongly reminiscent of the WDV bending locus (Suarez-Lopez et al., 1995; 
Gutierrez et al., 1995). 
1.5: PROJECT AIMS 
The overall objective of this project was the identification of the sequence determinants in 
the LIR which were involved in maize streak virus replication. As can be seen from the 
data presented above, extensive analysis of both the intra- and inter-generic interactions 
between viruses have been used to elucidate the specific nature of viral DNA-protein 
interactions. I have undertaken a similar approach for the identification of the mastrevirus 
RSDs. To this end, a diversity study of African streak mastreviruses was initiated, based 
on the amplification via polymerase chain reaction of most of the C 1 ORF, the LIR and 
part of the VI ORF. Comparative analysis of these viruses would allow the identification 
of sequence elements that were conserved, and which therefore could have a role in the 
non-specific interaction of Rep with the LIR, conversely non-conserved elements would 
potentially act as replication specificity element(s). 
At the time this work was initiated, ArgUello-Astorga et al. (1994a & b) proposed that 
"iterons", located within the mastrevirus LIR, were the theoretical specificity 
determinants of replication. The spatial arrangement of these iterons in mastreviruses is 
different to those of the begomo- and curtoviruses: specifically, the stem-loop structure 
contains two of the three iterons and may act as a RSD. I undertook to examine the 
sample of mastrevirus isolates available to determine the prevalence of viruses with 
similar iteron sequences, and to identify those with unique iterons. I subsequently 
expanded the study to give an overall indication of relatedness and diversity amongst the 
African streak mastreviruses. 
All the maize isolates of MSV and a significant proportion of the wheat and grass isolates 
examined had identical iterons; therefore, two wheat-infecting MSVs and one maize-
infecting MSV were selected on the basis of their overall genomic sequence uniqueness 
when compared to the larger group of ubiquitous maize-type MSVs. The host range of the 











maize-type MSV -Kom and a grass-type VIruS MSV -Set previously determined by 
Schnippenkoetter (1998). The three viruses were completely sequenced, and features 
shared with other mastreviruses particularly those involved in replication, were identified. 
Theoretical speculations based on sequence data regarding the potential for heterologous 
LIR interactions has yet to be proven experimentally. To this end, a transient trans-
replication study was undertaken. A range of WT viruses were assayed for their ability to 
trans-replicate a Rep-mutant virus expressing a marker gene. Once the limits of trans-
replication had been tested, the regions of the LIR containing the cis-acting sequences 
involved in allowing or inhibiting replication required identification. 
During the course of this study W. H. Schnippenkoetter obtained evidence of trans-
replication occurring between two distinct MSVs (Schnippenkoetter, 1998). This 
provided an additional incentive for further investigation into the precise location of the 
cis-elements responsible for efficient replication. A two pronged approach was taken: 
first, LIR deletion mutants were constructed in order to define the minimal origin of 
replication, and second LIR exchanges were made between two MSV strains, MSV -Kom 
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DNA from geminiviruses belonging to the "African streak virus" cluster of the genus 
Alastrevirus was amplified by polymerase chain reaction using a single set of degenerate 
primers. The region amplified spans the C 1 open reading frame (ORF), the long 
intergenic region (UR) and part of the V 1 ORF. The 41 samples analysed included a 
comprehensive range of maize streak viruses (MSVs), two Panicum streak viruses 
(PanSV s) and a sugarcane streak virus (SSV), all of which were collected over a period of 
lO years from different geographical locations. The isolates could be grouped according 
restriction fragment length polymorphism (RFLP) analysis, which was sufficiently 
sensitive to reliably differentiate between closely related viruses. A distinction between 
predominantly maize infecting and grass/wheat infecting MSV s was also observed. 
Samples obtained from plants with mixed virus infections were analyzed and where 
possible the composition of the mixed population was determined. Based on published 
sequences and sequence data presented here, the observed restriction patterns were 
confirmed and these data was then used for establishing relatedness between streak 
viruses. A wide geographical distribution of the virus genotypes was noted, while a small 












MSV is an economically significant plant pathogen because of its detrimental effect on cereal 
crop yield. These crops include maize, wheat, oats, barley, rye, finger millet, pearl millet, 
sorghum and Napier fodder grass (Rose, 1978). The leafhopper Cicadulina mbila Naude and 
its relatives have successfully spread MSV widely across Africa, with closely-related isolates 
having been identified from the north to the south ends of the continent, as well as from the 
neighbouring Indian ocean islands of Madagascar, Mauritius and Reunion (Thottappilly et al., 
1993; Peterschmitt et al., 1991; Autrey and Ricaud, 1983). 
There are a number of mastreviruses that constitute a cluster termed the "African streak 
viruses": these are the MSVs, Panicum streak viruses (PanSVs) and sugarcane streak viruses 
(SSVs), which differ by up to 40 % based on nucleotide sequence (Rybicki et al., 1998; 
Hughes et al., 1993; Briddon et al., 1992; Pinner et al., 1988). qriginally these species were 
all assumed to be MSV strains and the differences in pathogenicity were postulated to be due 
to host-adaptation (Peterschmitt et al., 1991; Pinner and Markham, 1990; Autrey and Ricaud, 
1983; Rose, 1978; Bock et al., 1974). Later, these isolates were recognised as distinct species, 
and it is these species that display the more extreme degrees of host adaptation, rather than 
strains ofMSV (Mesfin et al., 1992; Briddon et al., 1992; Hughes et al., 1991; Pinner et at., 
1988). These viruses were initially identified on the basis of their serological relationships, 
until recently, when analysis based on restriction fragment length polymorphisms (RFLPs), 
differential hybridisation and the use of PCR and sequence analysis became prevalent 
(Briddon et al., 1994; Hughes et al., 1992; Hughes et al., 1991). 
The ClIC2 ORF and the amino acid sequence, and the CP sequences of mas trevi ruses can be 
used to provide accurate estimations of the phylogenetic relatedness of virus isolates (Rybicki 
et al., 1998; Padidam et al., 1995; Briddon et al., 1994; Rybicki, 1994; Rybicki and Hughes, 
1990). A range of severe maize infecting MSVs, isolated from locations throughout Africa 
and the neighbouring islands were found to be only 2.0 % divergent at the CP amino acid 
level, most probably due to restraints placed on the virus by host and/or vector interactions 
with the CP (Briddon et al., 1996a; Briddon et aI., 1994). The conserved nature of the CP 
makes it difficult to differentiate MSV isolates by serological methods (Hofer et aI., 1992; 
Clarke et aI., 1989). However, serology can be used to detect the different mastrevirus 











1991). Another disadvantage of serologically based assays is that the detection of mixed 
populations of viruses will often be masked by the presence of a predominant species 
(Peterschmitt et al., 1991). It would, therefore, be of considerable value to identifY all the 
streak viruses in a single assay, which the use of degenerate PCR primers allows (Rojas et al., 
1993), Geminiviruses are ideally suited to PCR amplification as both their ssDNA and ds 
replicative forms (RF) can be used as template DNA. 
A number of studies on the diversity of MSV and other geminiviruses using PCR have been 
undertaken (Rybicki et ai., 1998; Wyatt and Brown, 1996; Briddon et al., 1994; Rojas et al., 
1993; Rybicki and Hughes, 1990). Asymmetric PCR and DNA sequencing of the 
"hypervariable" intergenic region of begomovirus BGMV isolates was successfully used in a 
study to determine begomovirus diversity within the Dominican Republic (Gilbertson et al., 
1991b). Assessing MSV diversity using PCR and subsequent sequencing has been achieved 
by amplifYing various regions of the genome. The CP and SIR region of 12 MSV isolates 
were examined by Briddon et ai. (1994) who identified two groups of viruses: a mainland 
African group and one from the Indian Ocean Islands; isolates from both groups were severe 
in maize. Sequence data obtained from a ± 250 bp PCR amplified region of the C2 ORF 
indicated that there are a number of closely related maize-type MSV s, and another distinct 
group of related viruses (4 isolates) from grasses or wheat (Rybicki et al., 1998; Rybicki and 
Hughes, 1990). 
Here I present the analysis of African streak viruses from South Africa, Kenya and 
Zimbabwe, on the basis of restriction endonuclease and partial sequence analysis of both a 
conserved and hypervariable region of the viral genome, the C 1 ORF and LIR, respectively. 












2.3: METHODS AND MATERIALS 
2.3.1: DNA isolations 
Total nucleic acid extractions were perfonned on harvested leaf material using the methods 
described by Palmer et al. (1998). DNA concentrations were detennined using a Beckman 
DU® -64 spectrophotometer and samples were stored in TE at -20°C. All routine DNA 
manipulation techniques were perfonned as outlined in Sambrook et ai. (1989). Briddon et 
al. (1994) kindly provided total DNA from a number of previously identified MSV isolates; 
all other isolates were provided by M.B. von Wechmar, except where indicated (Table 2.1). In 
some cases, sweetcorn cv. Jubilee was agroinfected with cloned isolates of MSV and 
compared symptomatically to the original isolate where possible (see Table 2.1) Viral DNA 
extracted from plant material agroinfected with MSV-MntKA, MSV-MatA and MSV-MatB 
was provided by D. P. Martin (D. P. Martin and E. P. Rybicki, unpublished data), and that 
from plants infected with MSV -Set and MSV -Kom by W. H. Schnippenkoetter (1998). The 
agroinfection and subsequent isolation of viral DNA from MSV -Tas, MSV -VW and MSV-
VM infected plants is discussed in chapter 3. 
2.3.2: peR amplification and restriction endonuclease analysis 
Degenerate primers were designed to direct the amplification of DNA fragments from all 
African streak viruses sequenced up until 1996 (E. P. Rybicki, unpublished data). These were 
derived from the sequences of the following viruses: MSV -SA (Y00514, Lazarowitz, 1988), 
MSV-Kom (AF003952, D. James, W.H. Schnippenkoetter, F. L. Hughes and E. P. Rybicki, 
unpublished data), MSV -Set (AF007881, Schnippenkoetter, 1998), PanSY -Ken (X60 168, 
Briddon et al.,1994), PanSV-Kar (X60168, this study and W.H. Schnippenkoetter, M. Fyvie 
& E. P. Rybicki, unpublished data) and SSV-N (M82918, Hughes et ai., 1993). The sequence 
and relative positions of the primers (numbering starts from the penultimate nucleotide of the 
conserved TAATATTAC sequence of MSV-Kom) are as follows: 
Primer 215-234 
Primer 1770-1792 
5'-CGG AGG AGC TGA (TAC)(AC)T TTG G-3' 
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Degeneracies are indicated by the bases in brackets. The PCR reaction contained the 
following components: 0.5 ~M of each primer, 0.25 mM dNTPs, Ix PCR Buffer, which 
includes 1.5 mM MgCh, and 1 U/50ul Taq polymerase (Boehringer Mannheim). Template 
DN A (lOng) isolated from the original host was used at all times unless otherwise stated 
(see Table 2.1). The PCR amplification cycle allowed an initial denaturation of the 
template DNA for 60 seconds at 94°C, and then the following cycle, repeated 30 times: 45 
seconds at 93°C, 30 seconds at 54°C, 90 seconds at 72°C and a final elongation time of 3 
minutes at 72°C (Perkin-Elmer GeneAmp!l PCR System 9700). The amplification 
products were then subjected to 0.5 X TBE gel electrophoresis (0.8% agarose) (Sambrook 
et al., 1989). The DNA was visualised by staining with ethidium bromide and compared 
with PstI (Boehringer Mannheim) restriction endonuclease (RE) digested lambda phage 
DNA. 
A 5 ~l aliquot of the amplified DNA was subjected to RE analysis by incubation with one 
of the following enzymes: RsaI, HpaII, HaeIII, SauIIIa, BamHI, CfoI and HindUI 
(Boehringer Mannheim) in their respective buffers as recommended by the manufacturer. 
The DNA was analysed by gel electrophoresis (as above) except the agarose 
concentration was increased to 1.5 %. All the possible restriction patterns obtained for 
each RE were identified and named alphabetically. The different isolates were then 
grouped on the basis of the number of shared banding patterns obtained when comparing 
all seven RE patterns. 
2.3.3: Cloning and sequencing 
Subclones constructed in pBluescript (Stratagene) or pUC vectors, containing the regions 
covered by the PCR product, were made from original full length genomic clones of the 
following isolates: MSV-Tas, MSV-VM and MSV-VW (see Chapter 3; Rybicki and 
Hughes, 1990; F. L. Hughes and E. P. Rybicki, unpublished data). All standard DNA 
molecular techniques were performed as described by Sambrook et al. (1989) and 
according to the specific manufacturers instruction (Boehringer Mannheim, Promega and 
Amersham). Large scale DNA preparations were isolated from transformed Escherichia 
coli (JMl 05, JMI09 or DH5a) using the Nucleobond™ Kit (Machery-Nagel, Germany). 











sequencing prImers with the labeled reactions run on an ALF-Express automated 
sequencer (Pharmacia) (D. James, UCT Microbiology Dept Sequencing Service). A 352 
bp PstI SalI sub clone of PanSV -Kar (Hughes et aI., 1992) was constructed in 
pBluescript(KS). The clone was sequenced by the chain termination method of Sanger et 
al. (1977), using the Sequenase Version 2.0 (United States Biochemical) kit (as per the 
manufacturers recommendations) for the incorporation and detection of 35S_dA TP. Apart 
from the SalI PstI subclone, the remainder of the PanS V -Kar genome was sequenced by 
M. Fyvie & E. P. Rybicki (unpublished data). All sequence data was compiled using 
sequence from both strands of DNA, with a third independent read when necessary. 
Sequences were manipulated in either DNAMAN 4.0 (Lynnon Biosoft© 1994 - 1997) or 
the University of Wisconsin Genetics Computer Group (GCG) package (Devereux et al., 
1984). 
2.3.4: Phylogenetic analysis 
The use of restriction map data for the generation of relationship dendrograms is an 
established technique, having been successfully used to differentiate between MSV strains 
and other members of the African streak subgroup of mastreviruses (Hughes et al., 1992; 
Hughes et aI., 1991; Clarke et aI., 1989). We have overcome the necessity to first clone 
the genome under investigation by using the +/- 1300 bp PCR product for RFLP analysis. 
The accuracy of this method was further increased by the use of sequence data, as the RE 
patterns observed experimentally and the positions of the restriction sites could be 
accurately mapped using DNAMAN (Version 4.0, Lynnon Biosoft©). The selection of 
restriction enzymes included those with 6 and 4 bp recognition sites to allow for, on the 
one hand, the wide diversity among African streak virus species, and on the other, the 
apparently limited diversity among the MSVs. The sequence amplified contained both a 
conserved sequence - the 5' end of the Cl ORF - as well as a highly variable region in the 
LIR and the 5' end of the VI ORF (Padidam et aI., 1995; Rybicki, 1994; Hughes et aI., 
1992; Dowling et al., 1990). 
Phylogenetic data drawn from the RE mapping results were obtained as follows: a 
consensus map was drawn for each RE based on the maps generated by DNAMAN. 
Where two or more RE sites were positioned closer than 20 bp apart for any individual 










other when comparing two different was considered 
to be the two "significant" sites in 
versus gaining 
during gel 
per RE map 
transformation 
a manner, which is necessary due the g"~l'rn ...... 
and the lack of detection 
-.;Ull ... ..-..-A .. t1 and Olsen, 1990). The number 
was to all the other possible 
& Li (1979) for restriction data were used to """,,_.u. ... "" the proportion of 
conserved, S. Where the formula S 2nxy/(nx + is based upon the 
number ........ ,,, ..... ,," sites (n) shared between two isolates (nXy) of sites in 
each isolate is nx and ny, respectively. Where no sites were ., .. U.L"' .... """T·'u"" ..... two isolates, 
a value 0.1667, for four and six base pair RE, n. 
assumption that at least one out of four u. ..... " •• "'''' .. u,_" or one out This is 
nuc1eotides, 
isolates. 
four or six base pair RE, ""''''''''''''''rn,,,, snarea n&>T"ut><..... two 
..... " .... ,,-.... of changes per nucleotide 
the following ~vu," ...... d = -(3/2)ln[( 4S 1I2r - 1 )/3], 
each of changes (F) 
tree 
between two viruses was to 
was analysed using the neighbour-joining 
an output file for the construction a 
"P'I"<11I"1n 1.0 (Saitou and Nei, 1987). 
Sequence data the fragments from MSV-MatA (AJOI 
m 
+ 
MatB (AJOI2634), MSV-MatC (AJ012635), MSV-MntKA (AJOI2640), MSV-MakD 
(AJOI2641), MSV-Raw (AJOI2639) was obtained from D. P. Martin & E. P. 
mastreviruses were also included (unpublished data). 
phylogenetic (Y00514, Lazarowitz, 1988), MSV -Reu 
Peterschmitt et al., 1 
Mullineaux et al., 1984), 
(AF003952, ~chmP1::)enk.oen-er 
1993). The 
option in DNAMAN 4.0 
multiple sequence methods 
(1994). The output alignment file was 
Neighbour-Joining method of & 
089, Howen, 1984), MSV-N (XOI633, 
1998), MSV -Kom 
(M82918, Hughes et al., 
.... "''-'''''' .... Pat'ameteJrs of the optimal alignment 
utilizes the progressive 
....,,_nJULLn. .. (1987) and Thompson et al. 
to a phylogenetic tree, using the 











bootstrap trials. For presentation purposes the tree was manipulated in Treeview (Win 
16©, Page, 1996). These results were compared to the similarity scores and phylogenetic 
analysis of the derived 261 aa sequence of the RepA protein from the el ORF. These data 
were obtained using DNA MAN 4.0, which utilises the BLOSUM protein weight matrix. 
In order to verify the validity of the RFLP generated data for phylogenetic analysis a 
linear regression curve, comparing the distances generated by sequence data with those 
generated using restriction-site based analysis, was drawn using Sigma Plot™ (Jande I 
Scientific) . 
2.4: RESULTS 
2.4.1: peR and RE analysis 
The peR amplification products consistently gave a band of approximately 1300 bp, for 
an isolates tested, when electrophoresed on a 0.8% TBE gel (data not shown). The RE 
treated and agarose electrophoresed products gave the following banding patterns: full 
data are only shown for Rsal restriction patterns, otherwise only the unique pattern 
obtained for the other RE are presented (See Table 2.2 for comparative analysis of the 
different patterns). 
RsaI restriction patterns 
A large proportion of the MSVs, including some wheat, grass and maize infecting viruses, 
had the same RE pattern (A, see Fig. 2.1 & 2.21). A second much smaller group 
contained seven viruses with an MSV-VM like pattern (Pattern B) with extra Rsal si,tes, 
with only the one at position 647 being significant (see Fig. 2.4). MSV-Mak and MSV-
MakD had a completely unique pattern (e) as did the Kenyan isolate, MSV-MntKA (H) 
compared to all the other MSVs. MSV-Set, MSV-Raw, PanSVs and SSV had unique and 
distinguishable patterns (D, G, F and E, respectively). DNA samples from five collections 
contained two superimposed banding patterns: WW(mix), Pas(mix), MSV -G(A), 










Table 2.2: Composite restriction patterns for all isolates: 
Isolate name l No. RsaI HpaII HaeIII 
MSV-Stell 1 A A A 






























































































































































































HindUI BamHI SauIHa 

































































































MSV-Reu 34 A E DAD A D 
MSV-Set 35 D F E C E A E 
SSV-N 36 E G F DEC F 
PanSV-Kar 37 F H GEE B G 
PanSV-deK 38 F H GEE B G 
PanSV-Ken2 39 I IE F C I 
MSV-G(A) 40 A & B C A A A A A 
Mnt-Kenya '97 41 A3 & H A A A A & B A A 
Pas(mix) 42 A & C B & E A & B A & B A A A 
Kom(mix) 43 A & C D, B & A A A & B B A A 
WW (mix) 44 A & B A & B A, B &C A & B B & C A A & B 
1 Isolates indicated in bold have been sequenced (this work and others, see Table 2.1) 
2 RE patterns as determined from sequence data only 











Analysis of the composition of mixed samples is discussed more fully below. The 
distance matrix (dRsaI) generated according to the transformation equations of Nei and Li 
(1979) based on the proportion of shared significant sites between RsaI maps is presented 
in Table 2.3. Similar matrices were generated for each RE (data not shown). 
Hpall restriction patterns 
Most of the maize infecting isolates could be differentiated from the isolates that had been 
found in wheat/grasses, except for the maize isolates MSV -Mak, MSV -MakD, MSV-
MatC and MSV -Cit. A small group of isolates, none of which were found in Southern 
Africa, included viruses with RE pattern C (generated from sequence data), similar to 
MSV-N (Mullineaux et al., 1984). MSV-Reu and MSV-Kom each had a unique pattern 
(E and D, respectively) along with that of MSV-Set, MSV-Raw, SSV and the PanSVs 
(see Fig. 2.2II). 
HaeIII restriction patterns 
The isolates could be differentiated into a group of largely maize infecting MSV s (Pattern 
A), and a smaller group of wheat, grass and sugarcane infecting isolates (see Fig. 2.2 III). 
Isolates having pattern C were either grass or wheat isolates, while pattern B contained 
some Zea mays isolates (MSV-Mak, MSV-Cit and MSV-MatC), a grass isolate (MSV-
Lib), and a wheat isolate (MSV-Tas). MSV-N(C) was the only grass-infecting isolate in 
the A group. As with Hpall the PanSVs, SSV, MSV-Set and MSV-Raw were distinct 
from the other viruses (Patterns G, F, E and H, respectively). MSV-Reu and MSV-Zi(B) 
were both found to be missing one site compared to the maize infecting group, and thus 
had a slightly different banding pattern (Pattern D) (393 bp instead of 336 bp in pattern 
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Figure 2.1: Restriction fragment length polymorphism typing of the samples amplified 
by PCR. All PCR products were restriction endonuclease treated with Rsal. The samples 
were electrophoresed through a 1.5 % agarose gel in 0.5 x TBE buffer and visualized by 
ethidiwn bromide staining. Lane 1, MSV-Lib; lane 2, MSV-Stell; lane 3, MSV-Thab; 
lane 4, MSV-Tyg; lane 5, MSV-Breedt; lane 6, MSV-Koe, lane 7, MSV-SWA; lane 8, 
MSV-RSE; lane 9, MSV-Geo; lane 10, MSV-Cit; lane 13, MSV-Wes(Elu); lane 15, 
MSV-Osg; lane 16, MSV-WES; lane 18, MSV-G(A); lane 19, MSV-G(B); lane 20, MSV-
N(C); lane 21, MSV-E; lane 22, MSV-U; lane 23, MSV-MatA; lane 24, MSV-MatB; lane 
25, MSV-MatC; lane 26, PanSV-deK; lane 27, MSV-VW; lane 28, MSV-Zi(B); lane 29, 
MSV- Reu; lane 30, MSV-Mak; lane 31, MSV-Tas; lane 32, MSV-VM; lane 33, MSV-
Kom; lane 34, MSV-Set; lane 35, SSV-N; lane 36, PanSV-Kar; lane 39, MSV-MntKA; 
lane 40, MSV-MntKB; lane 41, MSV-MakD; lane 43, MSV-Raw; lanes 12, 14,38, and 
42, WW(mix), Pas(mix), Kom(mix) and MntKA(mix), respectively, contained more than 










I ABCDEFHGA II BACDEFGHIA 
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III B A C D E F G H A IVACDBAEFGA HA 
-810 
-340 
V A GACB EDA VIABCDEFA VIIABCA 
Figure 2.2: The characteristic banding pattern obtained after treatment of the PCR 
amplification products with the following restriction endonuc1eases I) RsaI, II) HpaII, 
III) HaeIII, IV) SauIIIa, V) HindI II , VI) CfoI, and VII) BamHI, is represented as 
follows: I) Pattern A, MSV-Kom; pattern B, MSV-VM; pattern C, MSV-MakD; pattern 
D, MSV-Set, pattern E, SSV-N; pattern F, PanSV-Kar; pattern H, MSV-MntKA and 
pattern G, MSV-Raw. II) Pattern B, MSV-Tas; pattern A, MSV-VM; pattern C, MSV-
MatB; pattern D, MSV-Kom; pattern E, MSV-Reu; pattern F, MSV-Set; pattern G, 
SSV-N, pattern H, PanSV-Kar and pattern I, MSV-Raw. III) Pattern B, MSV-Tas; 
pattern A, MSV-Kom; pattern C, MSV-VW; pattern D, MSV-Reu; pattern E, MSV-Set; 
pattern F, SSV-N; pattern G, PanSV-Kar and pattern H, MSV-Raw. IV) Pattern C, 
MSV-N(C); pattern D, MSV-Reu; pattern B, MSV-Tas; pattern A, MSV-VM; pattern E, 
MSV-Set; pattern F, SSV-N; pattern G, PanSV-Kar and pattern H, MSV-Raw. V) 
Pattern A, MSV-MatB; pattern C, MSV-Tas; pattern B, MSV-Kom; pattern D, MSV-
Reu, pattern E, MSV-Set and pattern F, MSV-Raw and pattern G, MSV-MakD. VI) 
Pattern A, MSV-Tas; pattern B, MSV-Kom; pattern C, MSV-Set; pattern D, SSV-N; 
pattern E, PanSV-Kar and pattern F, MSV-Raw. VII) Pattern A, MSV-Kom; pattern B, 
PanSV-Kar and pattern C, SSV-N. All DNA products were electrophoresed through an 
ethidium bromide stained 1.5 % agarose gel in 0.5 x TBE. A PstI digested DNA was 
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Figure 2.3: DNA isolations contammg mixtures of viral DNA were detected after 
restriction endonuclease digestion of the peR products with the following enzymes A) 
HpaII, lane 1, Kom(mix); lane 2, Pas(mix), lane 3, WW(mix); B) HaeIII; lane 1, WW(mix) 
and lane 2, Pas(mix); C) CfoI; lane 1, WW(mix) lane 2, Pas(mix) and lane 3, Kom(mix); D) 
SauIIIa, lane 1, WW(mix) and for reference lane 2, Pas(mix) with only one pattern; E) 
HindIII, lane 1, MntKA(mix) and lane 2, WW(mix). Partially digested bands were obtained 
for both the HindIII and SauIIIa samples. All 1.5 % agarose gels were electrophoresed in 
O.5x TBE and stained with ethidiurn bromide. A, PstI DNA was used as a marker, with band 
sizes indicated as number of base pairs. A graphical representation of the individual banding 
patterns, which in certain combinations may contribute towards the complex patterns 
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Figure 2.4: Isolates with unique RsaI patterns were identified and consensus maps were 
generated (DNAMAN 4.0) to represent all possible restriction sites. Sites which were less 
than 20 bp apart were ignored for the purpose of generating the number of significant sites 
per individual isolate. The remaining significant sites, indicated by an asterisks in the 
consensus map, were used to calculate the proportion of sites shared between any two of 
the above patterns (A - I). The proportion of sites shared between two patterns was used 
to generate a RsaI distance matrix (dRsar) (see Table 2.3) (Nei and Li, 1979). Similar maps 
and distance matrices were generated for each RE used (data not shown). 
Table 2.3: Matrix indicating the proportion of sites shared and the mean number of 
substitutions per site between RsaI patterns!. 
A B C D E F G H I 
A 0.667 0.667 0.500 0.667 1.000 0.667 0.667 1.000 
B 0.102 0.500 0.800 0.500 0.667 1.000 0.500 0.667 
c 0.102 0.176 0.800 0.500 0.667 0.500 0.500 0.667 
D 0.176 0.056 0.056 0.400 0.500 0.800 0.400 0.500 
E 0.102 0.176 0.176 0.234 0.667 0.500 0.500 0.667 
F 0.000 0.102 0.102 0.176 0.102 0.667 0.667 1.000 
G 0.102 0.000 0.176 0.056 0.176 0.102 0.500 0.667 
H 0.102 0.176 0.176 0.234 0.176 0.102 0.176 0.667 
I 0.000 0.102 0.102 0.176 0.102 0.000 0.102 0.102 
I: The proportion of sites shared (S) between each of the patterns is indicated on the top 
right hand side of the table. The mean number of substitutions per nucleotide site (dRsaI) 
is shown in the lower left-hand side. The S value for each pattern compared to itself is 1 
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BamHI restriction patterns 
All MSVs, which contain a conserved BamHI restriction site at the start of the MP ORF, have 
been assigned pattern A. The two PanSY s investigated have a unique site compared to the 
sequenced RE map generated for PanSY-Ken, designated patterns Band C, respectively. 
Pattern C is also shared by SSV-N (see Fig. 2.2 VII) 
2.4.2: Identification of mixed infections 
Identification of the isolates in the mixed infections was limited to those patterns already 
confirmed in this study. PCR samples containing two or more patterns after RE treatment are 
shown in Fig. 2.3 and listed in Table 2.2. The relative proportions of the various components 
of the mixed infections can be deduced from the intensity of the different banding patterns. 
This can be seen when identifying the components of the Kom(mix) sample. The PCR 
composite patterns inferred that there were three isolates present in this sample (three 
different patterns see for the HpaII digests (see Fig. 2.3 A & Table 2.2). One isolate is the 
agroinfectious MSV -Kom strain (Schnippenkoetter et al. unpublished), which originated from 
this sample, the other was a putative MSV -SA-like isolate (AAABBAA) and the third may 
have one of a few possible combinations (CXAYBAA, where X represents A, B or D and Y 
represents A or B). The MSV-Kom type isolate was not the predominant strain as both the 
CfoI B pattern and the Hpall D pattern, both characteristic of MSV-Kom, are proportionally 
less evident than the other patterns (see Fig. 2.3 A & C). At least three isolates were identified 
in the WW (mix) PCR (see Fig. 2.3B) from the three different HaeIII digests, with the 
predominant pattern being pattern A. The three viruses could be a typical MSV -VW type 
isolate (ABCACAB), a MSV-Tas type isolate (ABBACAB) and a MSV-VM type isolate 
(BAABBAA). The RE analysis of the MntKA(mix) PCR indicates that there are two viruses 
present, a MSV -MntKA composite pattern (HAAAAAA) and a putative MSV -MatA-type 
isolate (AAAAAAA). The agroinfectious MSV -MntKA isolate was originally cloned from 
the MntKA(mix) DNA extraction (D. P. Martin & E. P. Rybicki, unpublished data). 
Identifying the putative components of the Pas(mix) sample is somewhat complicated by the 
presence of a MSV -Reu like Hpall pattern E, albeit at lower intensity than the A pattern (see 
Fig. 2.3 A), and the resultant RsaI pattern could be a combination of A and C like patterns 
(see Fig. 2.1 lane 14). Pas(mix), MSV-Mak and MSV-MakD, were all obtained from the 











pattern being present is strong. MSV -G(A) sample yielded one pattern for all RE, except RsaI 
(see Fig. 2.1 lane 17). One of the viruses present within this sample could be a MSV-MatB 
like virus (BCAAAAA) and the other possible co_mbination of (ACAAAAA) does not fit any 
composite pattern (see Table 2.2), and could represent an undiscovered virus type. 
2.4.3: Sequence and phylogenetic analysis 
Sequences were deposited in the Genbank under the following accession numbers: MSV -Tas 
(AJ012636), MSV-VW (AJ012638), MSV-VM (AJ012637) and PanSV-Kar (X60168). 
Sequence data obtained from the various viruses that reacted positively in the PCR and gave 
unique RE patterns, were aligned using DNAMAN 4.0 and an identity matrix was generated 
(Table 2.3). The following groupings of viruses can be determined from the matrix: the 
severe maize-infecting isolates an sharing between 95 - 100 % identity; two highly similar 
wheat-infecting isolates (MSV-Tas and MSV-VW), which are slightly more closely related to 
the maize types than they are to the sequenced grass isolates; MSV -Set and MSV -Raw; and 
finally the other members of the African streak virus group. The PanSVs and SSV-N are as 
divergent from each other as they are from the larger MSV group, consistent with previous 
observations (Schnippenkoetter, 1998; Rybicki et al., 1998; Briddon et al., 1992; Rybicki and 
Hughes, 1990). The groupings, based on the partial C 1 ORF (RepA) amino acid percentage 
pairwise similarity matrix generated by DNAMAN 4.0, remain identical to those generated 
from the fun DNA sequence data (Table 2.4). 
The phylogenetic tree generated from sequence distance data indicates that the maize-type 
MSVs cluster together, and that there are two groups of viruses not found in maize, one of 
which infects grasses only and the other of which infects wheat and grasses (see Fig. 2.5). 
The last two groups are more distantly related to the maize type MSVs than is MSV-Reu, 
which until recently was the most distantly related MSV known (Peter schmitt et al., 1996). 
Although the wheat and grass subgroups have been observed before, the previous evidence 
was based on a +/- 250 bp sequence from the C2 ORF, rather than on approximately half the 
genome as is presented here (Schnippenkoetter, 1998; Rybicki et al., 1998; Hughes et al., 
1992). The PanSY s are more closely related to each other than to any of the other viruses, 
sharing 88.5 % nucleotide sequence identity over half the genome (see Table 2.4). Together 
with SSV-N, the PanSVs are basal to the MSV-related African streak viruses 











partial C 1 ORF amino acid sequence was virtually identical, excepting that lower bootstrap 
scores were achieved for branches within the large maize type MSV group, therefore less can 
be inferred about their relatedness (data not shown). The only significant grouping (bootstrap 
value of 801) was that of MSV-MntKA and MSV-K being strongly related. The same can be 
seen in the tree generated from the +/- 1300 bp sequence data (Fig. 2.5A). 
Phylogenies based on RE mapping data are known to be less accurate than those based on 
sequence data, especially when more distantly related isolates are compared (Hughes et al., 
1992; Swofford and Olsen, 1990). We have overcome some of the experimental error using 
sequence data to firstly confirm the patterns evidenced by gel electrophoresis of the RE 
digests, and secondly, to construct the maps from which the distance matrix was generated. 
However the method is still generally less accurate especially when very few restriction sites 
are shared between the isolates under investigation (Hughes et al., 1992; Nei and Li, 1979). 
Given these caveats, the tree generated from the distance matrix based on RE mapping data 
(Table 2.5) closely follows the overall topology of that of the sequence generated tree (see 
Fig. 2.5 A & B), with the following exceptions: the addition of another MSV subtype (MSV-
U, MSV-G(B) & MSV-N(B» and the separation of the two grass isolates, MSV-Raw and 
MSV-Set. The MSV-U subtype was previously noted by Briddon et al. (1994) based on the 
CP sequence data. The wheat/grass subtype of MSV s consists of seven isolates, with the 
exception of MSV-Cit, a sweetcorn isolate, being the only one found in maize. 
Due to the low number of shared sites between MSV -Set and MSV -Raw they appear more 
distantly related when using RE mapping data for phylogenetic analysis (71 % versus 89 % 
obtained from sequence data). Conversely the PanSVs and SSV-N share greater identity with 
the MSV isolates when distance is measured using the RE map data than the sequence data 
(60 - 70 % versus 50 - 60 %) (see Tables 2.4 & 2.5). The linear regression analysis 
comparing the two sets of generated distance data indicates the close correlation between the 
highly related isolates with decreasing correlation at the higher divergence (see Fig. 2.6). The 
best fit to these points is a curve, becoming asymptotic at about 40 % sequence divergence: 
this is in accord with other work, which has shown that distances greater then 30 % are very 
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Figure 2.6: Regression analysis of the percentage identity between two isolates obtained 
from sequence data using DNAMAN 4.0, compared with distance data generated from 
restriction map analysis and transformation equations ofNei & Li (1979) (see Table 2.5). 
A value of R2 = 0.9245 was achieved for the curve, whereas if drawn as a straight line R2 
== 0.8124 (data not shown) (Microsoft® Excel 97). 
2.5: DISCUSSION 
Mastreviruses, and in particular the MSV s, are known to cause significant damage to the 
yearly yield of cereal grains in Africa (Thottappilly et aI., 1993). Natural infections are 
often used as a screening method for the evaluation of resistant cultivars of maize (Pers. 
Cornm. J. B. J. van Rensburg), therefore, it would be of considerable value to be able to 
distinguish in natural infections between viruses that are mild and those that are known to 
be more severe. In this chapter I have presented a comprehensive detection and 
identification method for the typing of African mastreviruses, and an effective means of 
differentiating between strains that have been known to infect wheat, maize, grasses and 
sugarcane. 
Two major groupings of MSV isolates were identified based on the distance matrix 
generated by transformation of the RE mapping data. These two groups, the larger 
consisting mostly of maize infecting MSV s and the smaller of predominantly wheat and 











2.5 and Fig.2.5A & B). These observations are similar to and expand on those made 
based on a 250 bp region of the C2 ORF (Rybicki et al., 1998; Hughes et al., 1992). Two 
subtypes of wheat/grass infecting isolates (see Table 2.2), a typical MSV-Tas type and an 
MSV -VW type, were distinguishable using the composite RE patterns, even though these 
isolates share 97.5 % sequence homology in the 1.3 kb fragment (see Fig. 2.2 III patterns 
B & C and Fig. 2.5). The majority of isolates analysed were maize infecting viruses, 
which could be differentiated effectively by RE analysis; even MSV-Kom and MSV-SA 
which share 99 % sequence homology in the PCR amplified region (Table 2.4) could be 
readily distinguished (Hpall patterns D and A, respectively. See Fig. 2.2 II). 
A common sequence was identified within the LIR of almost all MSVs: the CloI 
recognition site (GCGC) forms part of the putative replication specificity determinants of 
MSV replication, i.e. iterons (GCGCTTC), found in the left-hand side of the LIR and 
within the stem-loop (Arguello-Astorga et al., 1994a; Arguello-Astorga et aI., 1994b). 
These iterons seems to be conserved amongst almost all the MSV isolates examined, 
which supports the hypothesis that replication functions may be shared amongst these 
isolates. Further work to test this hypothesis is presented in later chapters of this thesis. 
Interestingly MSV-Set, previously named SetSV (Hughes et al., 1992), does not share the 
same iteron sequence (Schnippenkoetter, 1998), while MSV-Raw shares six out of eight 
nucleotides with the typical MSV iteron sequence despite being most closely related to 
MSV -Set (see Chapter 4 & 5). Further differences have been confirmed by whole 
genome sequence data and host range studies on MSV -Set (Schnippenkoetter, 1998) and 
the same will be undertaken for MSV-Raw (D. P. Martin, Pers. Comm). 
Previously, based on restriction map analysis, MSV-Set's closest relative was MSV -WES, 
although it was only slightly more closely related than were the other MSV s (Hughes et 
al., 1992). Our results consistently place them into separate subgroups, which is also 
confirmed by the recent data obtained by Rybicki et al. (1998) for a +/- 250 bp sequence 
from the C2 ORF, and those based on whole genomic sequence (Schnippenkoetter, 1998). 
The detection of a second grass isolate, MSV -Raw, whose closest relative is MSV -Set, 
indicates that there may be more of these isolates, but due to their mild symptoms in 
grasses may go undetected. These two viruses share 89.3 % homology (see Table 2.4), 
which is far greater than any previously noted between MSV-Set and other MSVs (+/- 78 











The isolates examined in this work were collected from across the African continent and 
included one isolate from Reunion. Interestingly, the isolates most similar to MSV -SA 
based on the composite restriction patterns, are common only in South Africa where they 
are fairly widely distributed. It must be noted that only a small number of the isolates 
analysed are northern African viruses; however, a recent study using these same 
degenerate primers performed on 18 MSV isolates from Kenya did not detect the presence 
of MSV -SA like viruses (R. Bilharz, B. Odhiambo, D. P. Martin and E. P. Rybicki, 
unpublished data) although the wheat-type MSVs were represented. It would be of 
significant epidemiological interest to monitor the natural spread, or lack thereof, of the 
MSV -SA like viruses on the continent of Africa over time. It also proved possible to 
monitor the changes a viral population undergoes in specific areas over time, albeit to a 
very limited extent. The first example of this was MSV-Mak and MSV-MakD, which 
were collected 6 years apart from the same region but are highly related (see Fig. 2.5 B & 
Table 2.5). Furthermore, the grass sample Pas(mix) also from the same region may have 
been a host or reservoir for a MSV-Mak-type virus at some time. Secondly, the same 
region in Matabeleland, Zimbabwe had three successions of resistance breaking strains of 
MSV over a similar time period (K.E. Palmer, Pers. Comm). The viruses identified as 
being responsible were three distinct isolates MSV-MatA, B and C, with the first two 
sharing greater homology (see Table 2.4). 
The method presented here for the detection and typing of MSV isolates provides a means 
of identifying the more pathogenic isolates from wheat and grasses capable of infecting 
maize, especially if these hosts are acting as reservoirs (Pinner et al., 1988; Rose, 1978). 
This method was also able to identify mixtures of isolates, as previously demonstrated by 
Rojas et al. (1993). The agroinfectious MSV -Kom previously cloned from a mixed 
population was readily identified in the Kom(mix) sample (F. L. Hughes, unpublished 
data; Schnippenkoetter, 1998). MSV-Kom was one of potentially three different viruses 
in a mixture shown by leafhopper transmissions to contain mild, moderate and severe 
isolates of MSV (M. B. von Wechmar, Pers. Comm.). Mixed viral populations were 
further noted in four other samples, WW(mix), Pas(mix), MntKA(mix) and MSV -G(A), 
with both maize and wheat types simultaneously present in WW(mix). 
The identification of other members of the African streak virus group was possible using 











African PanSVs differ from the sequenced PanSY-Ken with respect to 5 out of 7 
restriction enzymes. Hughes et al. (1992) showed by restriction mapping ofRF DNA that 
PanSY s are strains of the same virus but distinct from each other. Here we show two 
PanSY s from different regions of South Africa have identical restriction patterns. 
Although only one SSV isolate was included in this study the existence of others is 
known: SSV-M (Rybicki and Hughes, 1990), SSV-E (L. Bigarre, unpublished data. 
GenBank accession number AF037752) and SSV-Mill (Briddon et al., 1996b). Based on 
the available sequence of SSV-E, the PCR primers required further degeneracies for 
amplification of SSV-E, one in primer 1770 - 1792 and three in primer 215 - 234 (data 
not shown). 
I have presented here a method for the detection of diversity within a closely related 
population of viruses, which simultaneously includes those that are quite distinct (SSV 
and PanSY). Unlike the Briddon et al. (1994) study most of our PCR products were 
amplified from the DNA extracted from the original host plant(s) (see Table 2.1), 
meaning that no selection or "sieving" of isolates will have occurred. Virus mixtures 
present in plants could also be identified. These mixtures would not have been detected 
had the viruses, through a series of leafhopper transmissions, been maintained in non-
permissive host plants. For example, had the WW(mix) viruses been propagated through 
maize cultivars the two putative wheat-type viruses (2.4.2), which are weakly pathogenic 
in maize (see Chapter 3), may have eventually been lost due to the greater probability of 
the more pathogenic maize-type virus being transmitted. 
Although the use of this PCR product and subsequent restriction endonuclease analysis 
can be used to differentiate between virus isolates, we do not propose that these groupings 
are definitive, but only that they reflect patterns of relatedness. More conserved regions of 
the genome, i.e. the CP or ClIC2, may give a lower number of virus groups; however, the 
presence of the "hypervariable" LIR and V 1 sequences in this study almost certainly 
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Figure 3.3: Streak symptoms on sweetcom cv. Jubilee. Three day old seedlings 
were agroinfected with partial dimers of MSV-Tas, MSV-VM, MSV-VW, MSV-
Kom and MSV-Set (pTas401, pVM601, pVW303, pKom603 and pSetl07, 
respectively). Symptoms on the third leaf were assessed 15 days after agroinfection 
(A) and on the fourth leaf 22 days after agroinfection (B & C). The second quarter 
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Figure 3.4: Analysis of viral DNA extracted from agroinfected plants by Southern 
blot using a MSV-Kom Dig-labeled probe (A), Sad digestion of genomic DNA (B), 
and PCR and HaeIII digestion (C). A & B) lanes 1, MSV-Tas; lane 2, MSV-VM; 
lane3, MSV-VW; lane 4, MSV-Set and lane 5, MSV-Kom. A) Lane 6 contained 
uninfected sweetcorn genomic DNA. C) Lane 1, MSV-VM; lane 2, MSV-VW; lane 
3, MSV-Tas; lane 4, MSV-Kom; and lane 5, MSV-Set. DNA was electrophoresed 
through 1.5 % agarose gels, stained with ethidium bromide, in 0.5x TBE. Lambda 
PstI digested DNA was used as a molecular weight marker (A). The various 
replicative forms of viral genomic DNA are indicated as follows: open circular (oc), 
linear (I), supercoiled (sc) and single stranded (ss). Sizes of bands are indicated as 
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Full-length agroinfectious clones of two maize streak viruses (MSV s) originally isolated 
from wheat, MSV -Tas and MSV -VW, were characterised biologically by leafhopper 
transmissions to a range of host plants. The complete genome sequences of both viruses 
as well as that of a third maize-infecting isolate, MSV -VM, were obtained. Leafhopper 
transmissions of MSV -Tas and MSV -VW indicated differences in their capabilities to 
infect maize cultivars, while both infected a variety of wheat and barley cultivars. The 
characteristic mastrevirus genomic arrangement of open reading frames, with bi-
directional transcription of the ORFs originating from the long intergenic region and 
terminating in the small intergenic region, was observed. Post-transcriptional 
modification signals for introns, in both the virion and complementary sense ORFs, were 
maintained. Phylogenetic analysis of the three viruses indicates that MSV-Tas and MSV-
VW were more closely related to each other than to any of the other sequenced maize 
isolates, while MSV -VM was closely related to MSV -Kom, a typical maize isolate. 
These relationships were maintained when comparing individual predicted protein amino 
acid sequences, except for the movement protein where MSV-VM grouped with the two 
wheat isolates. Sequence analysis of the LIR identified the conserved MSV stem-like 
structure and invariant gemini virus loop sequence. The presence of the putative 
replication associated protein binding sites were conserved between all three isolates, 
suggesting similar replication strategies; however the Rep protein sequence of the two 
wheat isolates shares only 88 % identity with the maize isolate. Regardless of this, the 
Rep motifs required for rolling circle replication are conserved amongst all the sequenced 
MSVs. This is the first report of the characterisation of wheat infecting MSV isolates, 












Maize streak virus (MSV), which is endemic on the continent of Africa, is a member of 
the "African streak virus" subgroup, of the genus Mastrevirus of the family Geminiviridae 
(Mayo and Pringle, 1998; Briddon and Markham, 1995; Hughes et al., 1992; Soto et a!., 
1982). Members of this group include the MSVs, sugarcane streak virus (SSV) and 
panicum streak virus (PanSV), all sharing their own genus of leafhopper vector, 
Cicadulina mbila (Briddon and Markham, 1995; Briddon et al., 1994; Hughes et al., 
1993; Hughes et al., 1992; Hughes et al., 1991). Other mastreviruses infecting monocots 
are digitaria streak virus (DSV), wheat dwarf virus (WDV), chloris striate mosaic virus 
(CSMV) and miscanthus streak virus (MiSV), each having their own leafhopper genus 
vector. Two dicot infecting mastreviruses have recently been identified, tobacco yellow 
dwarf virus (TYDV) and bean yenow dwarf virus (BeYDV) (see Table 3.1). All 
mastreviruses are similar in terms of their genomic organisation and requirements for both 
their coat proteins (CP) and movement proteins (MP) for movement (Boulton et al., 1993; 
Lazarowitz et al., 1989; Boulton et al., 1989; Woolston et al., 1989). Furthermore, the 
absolute requirement of the viral replication associated protein (Rep), working in 
conjunction with the host's DNA replication machinery, is essential for replication of the 
geminivirus ssDNA genome via a roBing circle mechanism (Stenger et al., 1991; Matzeit 
et al., 1991; Schalk et al., 1989; Elmer et aI., 1988). 
Within the African streak virus group of isolates exists a large variety of strains of MSV 
(Storey, 1928). Historically, all streak viruses isolated from Gramineae which gave mild 
symptoms in maize were designated as "host-adapted" strains of MSV (Pinner and 
Markham, 1990; Bock and Bailey, 1989; Bock et al., 1974; Storey and McClean, 1930). 
Differences in the pathogenicity of MSV isolates in maize was noted, with some being 
highly pathogenic, such as the MSV A form (an example of which is MSV -SA) and the 
milder MSV B form (Lazarowitz, 1988; McClean, 1947). The A and B forms could be 
distinguished based upon their different chlorotic streak patterns in susceptible hosts; 
however their host ranges were similar, complicating identification (McClean, 1947). 
Furthermore, streak isolates obtained from the wild grass species Sporobolus, Eleusine, 
Paspalum, and Digitaria had variable degrees of success at infecting maize cultivars 
(McClean, 1947; Storey and McClean, 1930). More recently serological assays and other 











mastreviruses, such as the PanSVs and SSVs (Hughes et al., 1993; Hughes et al., 1992; 
Mesfin et al., 1992; Peterschmitt et al., 1991). 
Whether or not grasses could be acting as reservoirs for mastreviruses, where the viruses 
are mostly host-adapted and display mild disease, remains to be established definitively 
(Rybicki et al., 1998; Mesfin et aI., 1992; Peterschmitt et al., 1991; Rose, 1978). 
Although the existence of a distinct grass and wheat infecting subgroup of MSV isolates 
has been shown (Chapter 2; Rybicki et al., 1998; Hughes et al., 1992), no studies other 
than the early research by Storey & McClean (1930) and McClean (1947) has been 
undertaken to investigate the natural progression of these isolates in the field into different 
seasonal hosts. Most isolates that were obtained from non-maize hosts were closely 
related, more so than they are to the maize-infecting isolates (Chapter 2; Rybicki et al., 
1998). 
A serological survey by Mesfin et al. (1992) of 24 virus isolates from maize and grasses 
in Nigeria found that 18 were severe MSV types, and the rest were PanSVs or sugarcane 
isolates, presumably SSV. Of the viruses tested, those which were isolated from 
Axonopus compressus, Brachiaria lata, and Setaria barbata were readily transmitted to 
maize: therefore, these grasses could act as reservoirs for maize-infecting MSV isolates 
(Mesfin et al., 1992). Wild sorghum (Sorghum verticilliflorum), Coix lachryma-jobi, 
Cenchrus echinatus, and B. reptens are reported to be responsible for harbouring maize 
infecting MSV isolates in Mauritius. The latter two grasses are widely distributed annuals 
and may be the carry-over hosts between the perennial reservoirs (sorghum and C. 
lachryma-jobi) and maize (Autrey and Ricaud, 1983). Similarly, a serologically based 
study in Reunion identified a large collection of maize-infecting viruses constituting a 
serotype, originating from grasses and maize, and three serotypes from sugarcane 
(Peterschmitt et al., 1991). The maize and Brachiaria sp. isolates were readily transmitted 
to maize, whereas other grass isolates were transmitted to maize at low frequency and 
caused milder symptoms. Although severe maize infecting isolates may use grasses as 
hosts, most of the isolates from these plants seem to be less severe in maize indicating that 
the grasses may be hosts of weakly pathogenic strains, very mild strains or host-adapted 











Classical biological assays such as host range and symptom severity are known to be less 
accurate at typing of MSV isolates than molecular techniques (Briddon et al., 1994; 
Clarke et al., 1989; Pinner et al., 1988). To this end, numerous MSV isolates have now 
been sequenced: MSV-SA (Lazarowitz, 1988), MSV-K (Howell, 1984), MSV-Reu 
(Peterschmitt et al., 1996), MSV-N (Mullineaux et al., 1984), MSV-Kom 
(Schnippenkoetter et aI., unpublished) and MSV -Set (Schnippenkoetter, 1998). Of these, 
MSV-SA, MSV-K, MSV-N and MSV-Kom share greater than 98 % sequence identity 
(Schnippenkoetter, 1998), while MSV -Reu shares between 94.4 to 95.3 % sequence 
identity with this group (Peterschmitt et al., 1996). MSV -Set is the most distantly related, 
sharing only 78 % sequence identity with MSV-Kom (Schnippenkoetter, 1998). Full 
genomic sequence provides the most conclusive evidence of virus relationships, with 
Padidam et al. (1995) proposing that viruses sharing 90 % or more sequence similarity 
should be regarded as strains of a species. Rybicki (1998) argues against this arbitrary cut 
off mark due to the differences in intra-generic sequence similarities, and proposes the 
ability to complement replication functions as a criteria for relatedness (van Regenmortel 
et al., 1997). These criteria, along with full genome sequence data, were used when 
designating BGMV isolates, genus Begomovirus, into one of two subtypes (Faria et al., 
1994; Gilbertson et al., 1991). 
A large body of evidence now exists that indicates that maize isolates of MSV are more 
pathogenic in maize than the grass and indigenous crop infecting isolates, where their 
host-adaptation seems to limit pathogenicity in maize (Schnippenkoetter, 1998; Soto et 
al., 1982). Maize, barley, wheat and oats are all crops introduced to Africa; therefore 
these hosts may have selected for the more pathogenic strains of MSV from the 
population of viruses present (Soto et al., 1982). These pathogenic strains are maintained, 
via leafhopper transmission, from one maize generation to the next, whereas the milder 
less pathogenic strains are eventually lost (Mesfin et al., 1992; Pinner et al., 1988). The 
continued maintenance of these strains may in part be due to increased leaf chlorosis, 
which affects the normal vector feeding patterns on grasses by attracting them towards the 
infected maize (Page, 1997; Boulton et al., 1991; Rose, 1978). It is uncertain whether or 
not these severe maize-infecting MSV isolates evolved to become severe over time: there 
is evidence of maize MSV isolates becoming slightly more severe over a period of four 
years; conversely, no changes were detected after 58 generations of the mild MSV B form 











well established; however, no extensive data exists on: the pathogenicity of these isolates 
in other Gramineae; characterisation of their genome; and their relationship to other 
mastreviruses (Rose, 1978). The purpose of this study was therefore to biologically 
characterise two new wheat isolates ofMSV, MSV-Tas and MSV-VW, and compare their 
genomic sequences with other mastreviruses, including the sequence of a new maize-
infecting isolate, MSV -VM. 
3.3: METHODS AND MATERIALS 
3.3.1: Virus origins 
The two wheat isolates MSV -Tas and MSV -VW originated from the South-western Cape 
Province and the Vaalhaarts irrigation scheme in the Orange Free State in South Africa, 
respectively, while the maize isolate MSV -VM was collected from the same area as the 
latter a year later (see Table 2.1) (Rybicki et ai., 1998; Rybicki and Hughes, 1990). The 
following clones and preliminary restriction map data were provided by Dr F. L. Hughes 
(F. L. Hughes and E. P. Rybicki, unpublished data): pTaslOO, a monomer of MSV-Tas 
cloned into the EcoRI site of pBluescript(SK) (Stratagene); p VM 100 and p VW 1 00, . 
monomers ofMSV-VM and MSV-VW cloned in the BamHI site ofpBluescript(SK). The 
clones had previously been shown to be representative of the predominant genomic forms 
present in infected plants by means of preliminary RE mapping of viral RF DNA (F. L. 
Hughes and E. P. Rybicki, unpublished data). The agroinfectious constructs of MSV-Kom 
and MSV-Set (pKom603 and pSetl07, respectively) are both 1.1mers containing two 
LIRs cloned into pBI121 (Clonetech, Palo Alto, CA), were provided by Schnippenkoetter 
(1998) (see Table 3.1). 
3.3.2: Agroinfectious constructs 
Monomeric clones of MSV are not infectious, so agroinfectious constructs require 
duplication of sequence, allowing escape from the binary vector either by recombination 
or replicative release. The latter is only possible, and occurs preferentially, when two 
LIRs are present (Heyraud et al., 1993; Stenger et ai., 1991; Boulton et ai., 1989). The 
monomeric clones of MSV -Tas, MSV -VW and MSV -VM were partially dimerised as 
follows. Subclones containing the LIR were made for the three isolates (see Fig. 3.1 for 
restriction maps): pVMIOO was digested with Sac!, pVWI00 digested with HindIII and 





















Peterschmitt et aI., 1996 
Howell, 1984 
MSV -Set AF007881 Schnippenkoetter, 1998 
MSV-N X01633 Mullineaux etai., 1984 
MSV-Kom AF003952 1 
SSV-N M82918 Hughes etaZ., 1993 
SSV-E AF037752 2 























Donson et al., 1987 
1 
79 
Briddon et al., 1992 
Anderson et al., 1988 
Liu, L. et al., 1997 
Morris et al., 1992 
MacDowell et ai., 1985 
Chatani et al., 1991 
1: Unpublished data: W. H. Schnippenkoetter F. L. Hughes, D. James, M. Fyvie, J. A. 
WiHment & E. P. Rybicki. University of Cape Town, South Africa. 
2: Unpublished data: L. Bigarre. ClRAD-CA, Phyma, BP S03S, Montpellier, 34080, 
France 
3: Coat protein gene sequence only available. 
AU DNA manipulation techniques were performed as described by Sambrook et al. 
(1989), unless otherwise stated. Each sample was then electrophoresed through a 0.8 % 
agarose O.S x TBE gel. To recover the DNA fragment of interest, the gel was stained with 
methylene blue (Flores et al., 1992), and the required band excised and separated from the 
agarose using the Geneclean® Kit (BioiOI Inc). The DNA fragment was then self ligated 
using T4 DNA ligase (Boehringer Mannheim) overnight and transformed into competent 
E. coli cells (Chung and Miller, 1988). Plasmid DNA was isolated from positive colonies 
and the resultant plasmids containing a O.lmer, O.2Smer and O.Smer of viral DNA were 
named pVM401, pVWI03 and pTas20l, respectively. 
Plasmids pVMIOO and pVWlOO were digested with BamHI and Seal to release the full 
monomer, and separated from the vector by gel electrophoresis. Likewise, pTaslOO was 
digested with EcoRl and ScaI and the viral genomic DNA was isolated as above. The 
constructs pVM40l and pVWI03 were digested with BamHI and pTas301 with EcoRl, all 
three were dephosphorylated using calf intestinal phosphatase (Boehringer Mannheim) 
and ligated to their respective full-length genomes (as above). All dimers were 
transformed into and maintained in RecA' strains of E. coli such as DHSa or JMl09. 
These partial tandem dimers were then named pVMSOl, pVW203 and pTas301 (see Fig. 












The A. tumefaciens binary vector pBin19 (Bevan, 1984), expressing the kanamycin 
resistance marker, was used as the cloning vector for the partial dimers. The partial dimer 
of MSV-VM was cloned into Sac! and EcoRI digested pBin19, by digesting pVM501 
with EcoRI to completion and then partially digesting with Sac!. The required DNA 
fragment was isolated by gel electrophoresis and subsequent Geneclean® treatment (as 
above). The plasmid p VW203 was digested to completion with XbaI and partially with 
SalI releasing the partial dimer which was then cloned into pBinl9 previously prepared 
with the same restriction enzymes. Plasmid pTas301 was digested with XhoI and XbaI 
and cloned into pBin19 cut with SalI andXba!. The viral constructs in pBin19 (pVM601, 
pVW303 and pTas401) were then transformed using the freeze-thaw method (Holsters et 
al., 1978) into the nopaline strain of A. tumefaciens C58Cl (PMP90) (Koncz and Schell, 
1986). Transformants were selected for on LB agar plates containing kanamycin (100 
Ilg/ml), gentamycin (40 Ilg/ml) and rifampacin (100 Ilg/ml) grown at 30°C for three days 
(Sambrook et al., 1989). 
3.3.3: Agroinfection of maize plants 
Cultures of A. tumefaciens were grown up in LB (Sambrook et al., 1989) with gentamycin 
(40 Ilg/ml), rifampicin (100 Ilg/ml) and kanamycin (100 Ilg/ml) overnight at 30°C and 
sub-inoculated into a 5 ml culture and grown until an 0.4 OD was reached as measured on 
a Beckman DU-64® spectrophotometer at 600 nm. A 1 ml aliquot was centrifuged at 
5000 rpm in a benchtop microfuge (Eppendorf) for 2 minutes. The pelleted bacterial cells 
were resuspended in 100 III sterile distilled water, centrifuged and the pellet resuspended 
in sterile distilled water. Of this suspension approximately 2 III was injected directly into 
the coleoptilar node of three-day old sweetcorn cv. Jubilee seedlings using a 25 III 
Hamilton syringe (Bonaduz, Switzerland) (Grimsley et al., 1988; Grimsley et al., 1987). 
The seedlings had been germinated in moist prebaked vermiculite and incubated at 30°C 
for three days in a sealed bag prior to injection. The injected seedlings were planted 
directly into soil, four per pot, and kept in plant growth rooms with a 14hr onll0 hr off 
light cycle (VHO Growlux fluorescent light tubes), approximately 70 % humidity and 
temperatures between 18°C and 24°C. Symptom development was monitored every three 
days until 26 days after injection. The second quarter of the third and fourth leaves was 
photographed on day 15 and 22, respectively. For comparison with other agroinfectious 











3.3.5: Leafhopper transnlissions 
Non-viruliferous leafhoppers (c. mbila) were maintained in gauze covered wooden cages 
as described by Clark et al. (1989) and Hughes (1991). The cages were placed in front of 
a window receiving late morning to early afternoon sun at ambient room temperatures (+/-
22°C). Maize plants (Zea mays cv. Kalahari early pearl, commonly known as "Witplat"), 
were used for maintaining the colonies and were exchanged periodically for new plants. 
Leafhoppers were culled using the insecticide Kombat™ (Efecto). For the leafhopper 
transmission studies, agroinfected plant material (see above) was placed in a new cage 
and the leafhoppers were allowed to acquire the virus over a three-day period. A latency 
period of seven days was allowed after which the viruliferous leafhoppers were divided, 
approximately 20 leafhoppers per cage, into new cages containing the prospective host 
plant (7 - 10 days old) under investigation. The cages held eight different pots containing 
different varieties of two week old host plants, 4 - 5 maize plantlets per pot and 12 - 50 
wheat or barley plants per pot. Every second day the leafhoppers were gently shaken off 
the plants and allowed to resettle ensuring that most plants would be fed upon. The 
leafhoppers were fed on the plants for a period of one to two weeks, after which they were 
culled (von Wechmar and Hughes, 1990). The plants were returned to the plant growth 
rooms and symptoms were assessed visually. 
Symptoms were rated using the following scale: + = mild streak and recovery; ++ = 
moderate stippled streak to continuous streak (++[ +]), +++ = severe continuous streak and 
stunting or distortion of growth and death (+++[ +]) (Schnippenkoetter, 1998). 
Comparisons were made with the biologically characterised isolates MSV -Kom and 
MSV -Set, a moderately severe maize infecting and a mild Setaria infecting strain, 
respectively (Schnippenkoetter, 1998; Martin and Rybicki, 1998; Martin et aI., 1999). 
All leafhopper transmissions were performed in isolation and only one MSV isolate was 
maintained in cages at any time to ensure no cross contamination of viruliferous 
leafhoppers. The acquisition and feeding times were longer than the necessary minimum 
periods as defined by Storey (1928) and Granados (1969): firstly, this allowed the 
establishment of a viruliferous leafhopper colony of all instars; secondly due to the high 
number of plants in some cages, it ensured adequate feeding on all plants. Each cage 











of the successful transmission of virus (von Wechmar and Hughes, 1990). Where no 
symptoms were obtained on a cultivar the transmission study was repeated with only the 
cultivar under question present in the cage. 
The choice of hosts for the transmission studies was limited to those used in previous 
studies (Schnippenkoetter, 1998; von Wechmar and Hughes, 1990). Furthermore, in 
order to make the results relevant and comparable to the transmission results obtained by 
these studies the same methodology and assessment criteria was followed. The cultivars 
used during the transmission studies were obtained as follows: the susceptible varieties of 
maize (von Wechmar and Hughes, 1990), including the commercial varieties of sweetcorn 
cv. Jubilee from Stark Ayres Nursery, South Africa, maize cv. Kalahari early pearl 
"Witplat" from Pioneer Seed Co. (Pty) Ltd. (now PANNAR Ltd.), and popcorn from the 
local supermarket. Tolerant or resistant varieties of maize: "Vaalhartz Geel" was 
obtained from the Grain Crops Institute (GCl), Potchefstroom, South Africa. Hybrid 
maize, PNR 6549 and PNR 6552, susceptible and tolerant varieties respectively, obtained 
from PANNAR Ltd. (Barrow, 1990; van Rensburg et ai., 1990), as were the lines Pan 
6099, Pan 6363 and Pan 6364 (van Rensburg et aI., 1990). The EIsenberg Agricultural 
Development Institute, South Africa provided wheat cultivars SST44, SST66, Dias, 
Vloekstoot, Adam Tas, Chokka, Festiquay, Marquis, Agent, and barley cultivars Clipper, 
Schooner and Sterling. Sugarcane (s. officinarum cv. Uba and H44-3098) was provided 
by the South African Sugar Association Experimental Station, Mt. Edgecombe, Kwazulu-
NataL 
3.3.6: Sequencing of MSV-VW, MSV-VM and MSV-Tas 
Subclones ofpVW100, pTasl00 and pVMI00 were made in pBluescript KS or SK, using 
conveniently positioned restriction endonuclease sites for the generation of subclones with 
overlapping ends (Fig. 3.1). Each subclone was sequenced in both directions using the 
universal sequencing primers: 
Forward primer: 5'-CGCCAGGGTTTTCCCAGTCACGAC-3' and 
Reverse primer: 5'-GAGCGGATAACAATTTCACACAGG-3'. 
Mrs Di James of the Dept. of Microbiology Sequencing Service performed the sequencing 











automated sequencer (Pharmacia). DNA sequence manipulations were performed using 
the Genetics Computer Group (GCG) (Devereux et al., 1984) and DNAMAN Version 3.0 
(Lynnon BioSoft© 1994 -1997) software packages. Numbering of the genomic sequences 
is based on the recommendation of the 1 st International Symposium on Geminiviruses, 
Almeria, Spain (1994) where the first base is the penultimate A of the geminivirus 
invariant T AA T A TT AC loop sequence. 
Multiple sequence analysis was performed using PILEUP function, a progressive pairwise 
alignment program in the GCG package, with the subsequent manipulation of the 
alignments in CLUSTALW (Thompson et al., 1994). The CLUSTALW program default 
parameters were used to generate a phylogenetic tree based on the Neighbour-Joining 
method of (Saitou and Nei, 1987). The phylogenetic tree was then subjected to 1000 
bootstrap trials and the output file manipulated in TREEVIEW© 1.4 (Win32) (Page, 1996) 
for presentation purposes. Alternatively, the multiple sequence alignment and 
phylogenetic tree generating features of DNAMAN Version 4.0 (Lynnon BioSoft©, 
Quebec, Canada), also based on the Neighbour-Joining tree method (Saitou and Nei, 
1987), were used. Reference to either method is given with the appropriate result. 
Comparisons of the putative protein products of various sequenced viruses was performed 
(see Table 3.1 for GenBank accession numbers) and the relevant features of both the 
DNA and protein are discussed. 
3.4: RESULTS 
3.4.1: Agroinfectioll of MSV isolates 
Subclones of variable sizes containing the LIR were made from all three full-length 
genomic clones, using convenient restriction sites (see Fig. 3.1). Partial dimers were then 
constructed so that each contained two LIRs (pTas301, pVW301 and pVM501 (see Fig. 
3.2)) which were then cloned into pBin19 (Bevan, 1984). These clones (pTas401, 
pVW302 and pVM601) were then transformed into A. tumefaciens and used for the 
agroinfection of sweetcorn cv. Jubilee seedlings. The three isolates, MSV -Tas, MSV -VW 
and MSV -VM all produced symptoms on the indicator host sweetcorn cv. Jubilee. The 
symptoms ranged from the relatively severe (MSV-VM), to moderate (MSV-Tas) and 
mild (MSV-VW) (see Fig. 3.3 A & B). Symptoms were the classical chlorotic stippled to 











MSV -Tas and MSV -VW produced finer streaks. These symptoms were reminiscent of 
the A and B forms of MSV, respectively (McClean, 1947). Comparisons were made with 
agroinfected MSV-Kom and MSV-Set, showing that in all three cases the symptoms 
differed visually, and that the infection kinetics varied slightly. The plants that became 
agroinfected were noticeably smaller than the negative control plants or those injected 
with transformed A. tumefaciens, but which remained uninfected (data not shown). 
Similar observations were made by Dickinson et al. (1996). The amount of stunting 
produced by the various isolates ranged from slight (MSV -Set and MSV -VW), to distinct 
(MSV-Tas) to dramatic (MSV-VM and MSV-Kom). Evidence of this can be seen in Fig. 
3.3, where there is a strong inverse correlation between the width of the leaf segment and 
the severity of the isolate (D. P. Martin, Pers. Comm.). All five viruses infected 75 % or 
more (the average of two separate experiments) of surviving injected plants (see Table 
3.2). 
The percentage chlorosis on an infected leaf gives an indication of the severity of 
infection and a rough guide for the overall pathogenicity of the virus (Storey and 
McClean, 1930). The average percentage chlorosis of the second quarter of the fourth to 
sixth leaves of agroinfected plants (three separately performed experiments, with 14 
plants per experiment) was quantified and performed by D. P. Martin using his Image09 
computer based program (Martin and Rybicki, 1998). These data indicate that on 
sweetcom cv. Jubilee MSV-Tas caused 31.1 % (+1- 3.0 %) chlorosis, MSV-VW caused 
11.8 % (+1-1.7 %) chlorosis and MSV-VM caused 55.6 % (+1- 4.3 %) chlorosis, 
confirmation of the relative severity of these viruses (Martin et aI., 1999). 
Table 3.2: The percentage (%) of agroinfected sweetcom cv. Jubilee plants showing 
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Figure 3.1: Restriction endonuclease maps of MSV-Tas, MSV-VW and MSV-VM 
linearised at the BamHI site, two nucleotides after the start codon of the VI ORF. 
The maps were generated in DNAMAN 4.0 using the sequence data obtained 
during this study. 
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Figure 3.2: Partial tandem dimer cons tructs of MSV -Tas (top), MSV -VW (middle) 
and MSV -VM (bottom) in pBluescript(SK), which were used for cloning into the 
binary vector, pBin19. The direction and relative size of the ORFs are shown as 
follows: the MP (ORF VI) is a white arrow, the CP (ORF V2) is an obliquely 
shaded arrow, the RepA (CI ORF) is a obliquely hatched arrow, the C2 ORF is a 
vertically shaded arrow and the LIR is indicated by a black box. Restriction 
endonuclease sites used during cloning of the various constructs are indicated as 


















Uninfected MSV-Kom MSV-Set 
Figure 3.3: Streak symptoms on sweetcorn cv. Jubilee. Three day old seedlings 
were agroinfected with partial dimers of MSV-Tas, MSV-VM, MSV-VW, MSV-
Kom and MSV-Set (pTas40l, pVM60l, pVW303, pKom603 and pSetl07, 
respectively). Symptoms on the third leaf were assessed 15 days after agroinfection 
(A) and on the fourth leaf 22 days after agroinfection (B & C). The second quarter 
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Figure 3.4: Analysis of viral DNA extracted from agroinfected plants by Southern 
blot using a MSV-Kom Dig-labeled probe (A), SacI digestion of genomic DNA (B), 
and peR and HaeIII digestion (C). A & B) lanes 1, MSV-Tas; lane 2, MSV-VM; 
lane3, MSV-VW; lane 4, MSV-Set and lane 5, MSV-Kom. A) Lane 6 contained 
uninfected sweetcorn genomic DNA. C) Lane 1, MSV-VM; lane 2, MSV-VW; lane 
3, MSV-Tas; lane 4, MSV-Kom; and lane 5, MSV-Set. DNA was electrophoresed 
through 1.5 % agarose gels, stained with ethidiwn bromide, in 0.5x TBE. Lambda 
PstI digested DNA was used as a molecular weight marker (A.). The various 
replicative forms of viral genomic DNA are indicated as follows: open circular (oc), 
linear (I), supercoi1ed (sc) and single stranded (ss). Sizes of bands are indicated as 











3.4.3.1: Host range studies 
Viruliferous leafhoppers were able to transmit both MSV -Tas and MSV -VW to a variety 
ofcultivars of wheat, barley, maize and a grass species (Digitaria sanguinalis) (see Table 
3.3). Although the host range was limited in the number of cultivars of each type of host, 
comparative assessments with the well characterised isolate MSV -Kom and the grass type 
MSV -Set could be performed (Schnippenkoetter, 1998). These comparisons are 
necessary to fully appreciate the implications of the different host ranges: the fully 
characterised isolate MSV -Kom is known to be of moderate severity and MSV -Set is a 
mild virus in maize (Schnippenkoetter, 1998; Martin et aI., 1999). Due to the high 
sequence similarity of MSV-VM to the maize-type MSVs (see 3.4.4) and its similar 
severity ofagroinfection with MSV-Kom (see Fig 3.3 and Martin et al. 1999) leafhopper 
transmission studies were not undertaken for this virus. 
Both MSV -VW and MSV -Tas were successfully transmitted to the susceptible varieties 
of sweetcorn cv. Jubilee, popcorn and maize cv. Kalahari early pearl "Witplat", although 
in each case MSV -VW produced milder symptoms and affected fewer plants (see Table 
3.3 & Fig. 3.5A). Neither isolate infected the resistant and tolerant varieties Pan 6099 or 
"Vaalhaarts Geel", respectively; however both maize varieties had previously been shown 
to be successfully infected by MSV -Kom (Schnippenkoetter, 1998). The susceptible 
hybrid PNR 6549 was more severely affected by MSV-Tas than MSV-VW (see Fig 
3.5B), while the moderately resistant hybrid Pan 6364 was only moderately affected by 
MSV -Tas (Barrow, 1990; van Rensburg et aI., 1990). Both these hybrids were severely 
infected by MSV -Kom and not at all by MSV -Set (Schnippenkoetter, 1998). Relative to 
the ability of MSV -Kom to infect non-maize hosts, the increased host range of both MSV-
Tas and MSV -VW into the wheat/barley cultivars, indicates some form of host-adaptation 
(see FigJ .5C & D). 
The wheat cultivars Festiquay, Marquis and Agent (all rust differentials) and SST44, an 
irrigation cuitivar, obtained from EIsenberg Agricultural Development Institute, were the 
most resistant to infection by all four isolates, with the grass isolate MSV -Set being the 
most pathogenic (Schnippenkoetter, 1998). The grass species Digitaria sanguinalis was 
the most susceptible host with visible stunting and large chlorotic areas on all new leaves 











Table 3.3: Comparative susceptibility of wheat, barley, maize and grass cultivars to 































































































































, The symptoms were rated as follows: - = no symptoms, + = mild streak and recovery; 
++ = moderate stippled streak to continuous streak (++[+]), +++ = severe continuous 
streak and stunting or distortion of growth and death (+++[+]), +/- slight symptoms only 
seen on one or two plants. b: Combined results of two transmission experiments 
indicating total percentage plants infected. Numbers in brackets are the number of plants 
infected divided by the total number introduced to viruliferous leafhoppers. The 
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Figure 3.5: Leafhopper transmission studies of MSV-Tas and MSV-VW. Viruliferous 
leafhoppers were introduced to heal thy two week old plants and the emergence of streak 
symptoms was recorded. MSV-VW (A) and MSV-Tas (B) symptoms on barley cv. 
Clipper. MSV-VW (C) and MSV-Tas (D) symptoms on wheat cv. SST66. MSV-Tas 
infected maize hybrid PNR6459 (E) and cv. Kalahari early pearl (F). MSV -VW 
infected maize hybrid PNR6459 (G) and cv. Kalahari early pearl (H). Un infected leaves 











MSV infection of sugarcane has been reported before (Thottappilly et ai., 1993; Storey 
and McClean, 1930); interestingly, in this study of the two sugarcane cultivars only S. 
oJJicinarum cv. Uba became infected by MSV -Tas. All subsequent growth for well over a 
year showed symptoms, unlike the results obtained by Storey & McClean (1944), where 
MSV infections were transient. 
3.4.4: Sequence analysis 
The assembled sequence data for MSV-Tas, MSV-VW and MSV-VM indicated that the 
genome lengths of 2683,2682, and 2690 bp, respectively were comparable to previously 
sequenced strains of MSV (see Fig. 3.6). Four ORFs was detected using the ORF 
predicting function of DNAMAN 4.0, which also estimates the size of the protein 
products (see Table 3.4). The pertinent features for R\\JA transcription and translation of 
the various protein products are indicated relative to their sequence positions starting from 
the penultimate nucleotide of the loop sequence (Table 3.4). The ORFs are identical in 
length, with the differences in genome sizes being due to insertions or deletions within the 
intergenic regions (see below). 
Table 3.4: Predicted open reading frames for protein products with known function, 
based on sequence data ofMSV -Tas, MSV-VW and MSV-VMa. 
Isolate ORF TATA' Initiation Termination Polyadenylation Protein 
codonc codon signal f (Daltons) 
MSV-Tas VI 120 150 453
d 1203 10876 
MSV-VW VI 120 150 453 d 1203 10946 
MSV-VM VI 121 150 453 d 1203 10 821 
MSV-Tas V2 120 466 1198d 1203 26936 
MSV-VW V2 120 466 1198d 1203 26952 
MSV-VM V2 121 466 I j 98d 1203 26973 
MSV-Tas CI 2622 2522 1706
e 1222 31404 
MSV-VW CI 2621 2522 1706e 1222 31 568 
MSV-VM CI 2629 2528 1712e 1223 31 340 
MSV-Tas CIIC2 2622 2522 1365d 1222 41 363 
MSV-VW CI/C2 2621 2522 1365d 1222 41479 
MSV-VM CIIC2 2629 2528 1371 d 1223 41238 
': Table based on that of Lazarowitz (1988). b: Consensus sequence TGI c TA T A 'I AA 1-3 
': AUG start codon. d: UAA termination codon. e: UAG termination codon. f: Probable 






































































































































































































































































































































































































































































Figure 3.6: MUltiple sequence alignment of the full genomes of MSV-Tas, MSV-VW and 
MSV-VM perfonned using DNAMAN 4.0. The full sequence of MSV-Tas is shown in 
uppercase. Where the sequences of MSV-VW, MSV-VM and MSV-Tas are identical the 
nucleotides are indicated by a dash (-), different bases are in lower case and for the sake 
of correct alignment dots (.) have been inserted in place of gaps. The genome sequence is 











3.4.4.1: Control and expression o/proteins 
Although the direct role of the ORFs defined above in Table 3.4 have not been 
experimentally confirmed, sufficient sequence homology with other characterised MSVs 
exists, and therefore their functions can be presumed to be similar. 
3.4.4.2: Virion sense genes 
Moven1ent protein: 
,. 
The gene product of the VI ORF, the MP, is a non-structural protein necessary for 
infectivity due to its role in virus movement (Boulton et al., 1989; Mullineaux et aI., 
1988; Morris-Krsinich et aI., 1985). The MP has a core region showing high homology 
with other Gramineae infecting mastreviruses; while the first 14 N -terminal aa do not 
seem to be essential for infectivity, the protein itself is essential for systemic spread and 
cell to cell movement (Boulton et aI., 1993; Lazarowitz et aI., 1989; Boulton et aI., 1989; 
Mullineaux et al., 1988). The onset of viral lesions coincides with the expression of MP, 
while a substitution of C to T at nt 40 affected streak width and chlorophyll levels, even 
though this change does not affect the aa sequence (Dickinson et aI., 1996; Boulton et al., 
1991). A putative trans-membrane domain has been identified, spanning aa residues 33 -
57: this is predicted to be a hydrophobic ~- sheet, which agrees with the role of the MP as 
a plasmodesmata associated protein (Dickinson et al., 1996; Boulton et al., 1993). A 
multiple sequence alignment of the amino acid sequences of the MPs of the three 
sequenced isolates compared to MSV -N confirms the presence of a variable region within 
the 14 aa N-terminal region (Peterschrnitt et aI., 19~6; Boulton et ai., 1989). The trans-
membrane spanning region is absolutely conserved between MSV -VM and MSV -N, 
while MSV-Tas and MSV-VW both have one change relative to MSV-N, A to G in the 
former and C to I in the latter (see Fig. 3.7). Both these substitutions are non-polar 
conservative changes. The predicted sizes of the three MPs (see Table 3.4) are all 
approximately 10.8 kDa: experimental evidence obtained b" Western blot analysis and 
immunoprecipitation of plant extracts detected maize-type MSV MP of 14 kDa and 11 
kDa, respectively, indicating that post-translational modifications may occur (Dickinson 































Figure 3.7: Alignment of the MP amino acid sequence of MSV-Tas, MSV-VW and 
MSV-VM with respect to MSV-N (Mullineaux et al., 1984). Conserved amino acids are 
indicated by a dash (-), while difference are indicated in lower case letters, with respect to 
the translated VI ORF of MSV-N. The predicted trans-membrane domain identified in 
MSV-N (Boulton et al., 1993), aa 32 - 57, is indicated in bold. Sequences were aligned 
using DNAMAN 4.0. 
Coat protein 
Mastreviruses require both the MP and CP in order to systemically infect their hosts, 
unlike most begomoviruses, which do not require a CP for systemic infection (Boulton et 
al., 1993; Lazarowitz et al., 1989; Boulton et al., 1989; Gardiner et aI., 1988). This 
distinction between the two gemini virus genera is not due to the type of host infected, 
because BeYDV, a dicot-infecting mastrevirus, also requires its CP for systemic infection 
(Liu et al., 1998). The CP genes of MSV s are highly conserved, presumably due to the 
multi-functionality of the CP in terms of vector specificity, movement within the plant 
and encapsidation (Briddon et ai., 1994; Briddon et aI., 1992; Lazarowitz et ai., 1989; 
Boulton et aI., 1989). 
Sequence analysis of the begomovirus CP revealed that the N-terminal 60 - 70 aa were 
more variable than the rest of the sequence; however both the curto- and mastrevirus CPs 
are more uniformly variable throughout the whole aa sequence (Padidam et aI., 1995). 
There is a stretch of high homology between the 5 aa positioned around the N-terminal 
110 region; however, the significance of this region is unknown (see Fig. 3.8) (Padidam et 
al., 1995). Interestingly, and possibly due an ancient recombination event, the CP of 
BCTV is more similar to those of the mastreviruses; however the rest of the genome is 











1994). Strong interrelationships exist between CPs and specific vectors as evidenced by 
BCTV and other leafhopper transmitted geminiviruses, with vector specificity being 
defined by the CP (Hofer et al., 1997; Briddon et aI., 1990; Stanley et al., 1986). 
The DNA binding domain of the MSV -N CP has been localised to the N-terminal 104 aa, 
where it binds both ss and ds DNA non-specifically. However, these are in vitro results 
and may not necessarily reflect an in vivo function (Liu, H. et al., 1997). A nuclear 
localising domain, between aa 5 - 22, could be responsible for the nuclear shuttling of 
viral DNA to the nucleus. The CP, together with the MP, is responsible for the movement 
of DNA both intra- and intercellularly, although the mechanism by which this occurs is 
uncertain (Liu, H. et aI., 1997). Alignments of the N-terminal 110 aa of the CP reveal that 
the most differences in sequence fall within this region, with most of the differences in the 
putative nuclear localisation signaL Other differences seem to be mostly conserved 
between the maize I wheat isolate groupings (see Fig. 3.8); however, without further 




































Figure 3.8: Multiple sequence alignment of the first 110 aa of the CP of various MSV 
isolates showing the putative DNA binding domain (in bold) and nuclear localisation 
signal (underlined) (Liu, H. et aI., 1997) (DNAMAN 4.0). Identical aa residues are 
indicated by a dash (-) and different aa by a lower case letter. The C-terminal half of the 
protein (data not ShOVVl1) only differs in one position with MSV -VM and MSV -SA sharing 
an A to T change, with respect to MSV -Tas. 
The presence of the CP has been linked to the accumulation of ssDNA (Azzam et aI., 
1994), and therefore it must be expressed at the appropriate time in the virus lifecycle. 
Two possible mechanisms exist for the regulation of the expression of the CP: first is the 











and second is the use of introns (Groning et al., 1994; Sunter and Bisaro, 1992; Hofer et 
al., 1992; Luehrsen and Walbot, 1991; Sunter and Bisaro, 1991; Callis et aI., 1987). A 
typical plant intron, having a high U + A content relative to the adjacent exon seCjuences, 
has been identified in the VI ORF for MSV-N severe isolate, DSV, PanSY-Ken, WDV, 
SSV and TYDV (Wright et al., 1997). A series of T tracts have been identified in the 
DNA sequence of the 76 nt long intron in MSV-Tas, MSV-VW and MSV-VM. Typical 
plant intron features, such as the consensus donor and acceptor sites and the "lariat 
acceptor" sequence, the intron's A + T -rich sequence relative to the flanking exons and a 
series of T -rich nucleotides, have been identified (see Fig. 3.9 & 3.10 and Table 3.5) (Ko 
et al., 1998; Wright et al., 1997; Luehrsen and Walbot, 1994). These features correspond 
to those found for the MSV-N virion sense intron found within the VI ORF, which has 
been shown experimentally to be inefficiently spliced (Wright et al., 1997). The presence 
of this intron is therefore a possible mechanism for regulating the expression of the MP 
thoughout the late cycle of gene expression (Wright et aI., 1997). No spliced virion sense 
transcripts have been detected for WDV and TYDV, while the expression of the CP of 
WDV is potentially due to a ribosomal slippage mechanism. This was proposed due to the 
presence of rare codons for arginine and leucine 5' of the methionine initiation codon of 
the CP of WDV, and the lack of full consensus sequences for the intron splice junctions 
(Wright et aI., 1997; Dekker et aI., 1991). 
Table 3.5: Nucleotide composition (DNA) of the 5' and 3' 40 nucleotides flanking the 
putative virion sense and complementary sense introns. 
Isolate Virion Sense' Complementary Sense2 
%T %T 
5' Exon Intron 3' Exon 5' Exon Intron 3' Exon 
MSV-Tas 18 46 18 28 32 10 
MSV-VW 18 47 1'8 25 28 10 
MSV-VM 18 45 18 28 30 18 
Virion Sense 1 Complementary SenseL 
%A+T %A+T 
MSV-Tas 32 62 46 58 58 53 
MSV-VW 36 63 46 55 55 53 
MSV-VM 36 61 46 56 53 58 
I: See Figure 3.9 for the virion-sense nucleotide sequence 


























Figure 3.9: Identification of the DNA sequence of the probable virion sense introns of 
MSV-Tas, MSV-VW and MSV-VM. The intron (76 nt) sequence is represented in lower 
case letters with the 5' donor site and the 3' acceptor site underlined. The nucleotide 
sequence of the flanking 5' and 3' exon sequences are shown in capital letters. The T 
nucleotides of the intron are shown in bold. The relative position of the intron to the 
whole genome sequence is indicated above the sequence. Differences in sequence 
between the three isolates are shown with a lower case letter under the corresponding base 
in MSV -Tas, while conserved sequences are indicated by a dash (-). The consensus 
branch point sequence YTNAN is indicated above the sequence of MSV -Tas in italics 
(Wright et al., 1997). 
3.4.4.3: Complementary sense ORFs 
The viral protein(s) essential for replication is the product of the complementary sense 
genes, in particular the Cl ORF (RepA gene) and the spliced product of the CI/C2 ORF 
or Rep gene (Schalk et al., 1989). Not all mastreviruses have an ATG start codon for their 
C2 ORFs, and although WDV (start codon GUG, Lazarowitz, 1988), SSV, PanSY -Kar, 
and CSMV have a C2 start codon, they all have an in frame stop codon three codons later 
(Peterschmitt et al., 1996). While both MSV -VW and MSV -VM have start codons in 
similar positions to the other sequenced MSVs, MSV-Tas is unique as it has a stop codon 
three codons later (see Fig. 3.10). 
The necessity for the spliced and unspliced products of the complementary sense ORFs, 
RepA and Rep respectively, in the virulence ofMSVs has been well proven (Wright et aI., 
1997; Collin et aI., 1996). Both the DSV and WDV complementary sense introns have an 
A + U content of approximately 54 %, and both are inefficiently spliced, but splicing is 











Further evidence of the inefficiency of splicing of the complementary sense RNA was 
obtained for MSV, where 80 % of the transcripts are unspliced and presumably produce 
RepA (Wright et aI., 1997). The MSV intron is 92 nt long, the length of which is 
conserved amongst the three isolates presented here (see Fig. 3.10) (Wright et al., 1997; 


























Figure 3.10: DNA sequence of the complementary sense introns and flanking exon 
sequences of MSV-Tas, MSV-VW and MSV-VM. The 40 nt flanking 5' and 3' 
sequences are shown in upper case, while the intron sequence (92 nt) is in lower. The 5' 
splice donor site and 3' splice acceptor sites are underlined and the branch point sequence 
(YTNAN) is indicated above the sequence of MSV-Tas in italics (Wright et al., 1997; 
Schalk et aI., 1989). Sequences identical to MSV-Tas are indicated by a dash (-) and those 
that are different by lower case letters. The T nt of the intron are indicated in bold. 
Numbering above the sequence indicates the relative position of the intron with respect to 
the start codon of the Cl ORF, while the start codon (ATG) of the putative C2 gene 
product is indicated above the sequence. MSV -Tas has a stop codon (T AA) three after the 











The Rep protein: 
The protein products of the complementary sense genes Rep and RepA are essential for 
infectivity, with the former being necessary for replication, while the latter possibly 
interacts with cell cycle regulators and may have a role in trans-activation of the virion 
sense gene expression (Horvath et al., 1998; Xie et al., 1996; Collin et al., 1996; Xie et 
al., 1995; Hofer et al., 1992). Synonymous with its role in replication, the gemini virus 
Rep protein has a number of conserved motifs found in all rolling circle replication 
initiator proteins (see Fig. 1.4) (Koonin and Ilyina, 1993; Ilyina and Koonin, 1992; 
Koonin and Ilyina, 1992; Gorbalenya and Koonin, 1989). Although the function of Motif 
I is unknown, it is strongly conserved amongst all gemini virus (Ilyina and Koonin, 1992). 
Part of this motif s consensus sequence, FL TYP, is conserved amongst the MSV s, 
CSMV, TYDV, BeYDV, WDV and MiSV (see Table 3.6). Of the two classes of RCR 
initiator proteins, gemini viruses and other Rep proteins have a putative metal ion 
coordination motif II, containing two histidine residues surrounded by bulky hydrophobic 
residues, located on the N-terminus side of their nicking motif III. This situation is 
reversed in the second class of proteins, those that are involved in plasmid mobilisation 
(Koonin and Ilyina, 1993; Ilyina and Koonin, 1992). 
The nicking motifIII has a tyrosine residue to which the 5' end of the virion sense DNA 
becomes covalently attached during replication (Laufs et al., 1995b; Laufs et al., 1995c). 
Mutations to the tyrosine or lysine residue within the motif rendered the BGMV Rep 
incapable of initiating replication (Hoogstraten et ai., 1996). The nicking and joining 
functions can be supplied by the WDV RepA alone or the N -terminal region of the 
TYLCV Rep; however, the presence of motif IV, the NTP binding sequence, within the 
C-terminal half of Rep is essential for in vivo replication (Desbiez et al., 1995; Hanson et 
al., 1995; Heyraud-Nitschke et al., 1995). Motif IV has two separate sites, A and B, 
which are both proceeded by a stretch of hydrophobic residues (see Table 3.6) 
(Gorbalenya and Koonin, 1989). 
A further domain, with as yet an unconfirmed role in the virus lifecycle, is the DNA 
binding domain with some homology to the myb-related plant transcription factors. This 
domain overlaps with the NTP A and B sites (Hofer et al., 1992). The identified MSV-N 











amongst the three viruses sequenced here and MSV -N (data not shown; Horvath et al., 
1998). A similar motif in Rep (aa 252 - 270) has been identified - and is also conserved 
amongst these four viruses (data not shown) - it is thought to require a conformational 
change brought about by interactions with host proteins for exposure of the activation 
domain (Horvath et al., 1998). 
A motif present only in of most the mastrevirus Rep and RepA proteins is the putati ve Rb 
binding domain, with the sequence LXCXE (see Table 3.6) (Collin et al., 1996; Xie et al., 
1995). It has been suggested that the interaction of RepA with Rb may regulate the cell 
cycle, while Rep may interact only under certain conformational conditions (Horvath et 
al., 1998; Collin et aI., 1996). The LXCXE motif has not been found in curto- nor 
begomoviruses as well as some mastreviruses (SSV, CSMV and MiSV); however, an 
interaction of TGMV Rep with a maize type Rb (RRB 1) was detected, suggesting that 
there are alternative Rb binding domains (Ach et al., 1997; Xie et al., 1995 & see Table 
3.6). Neither of the two Rep sequences of SSV available (see Table 3.1 for GenBank 
accession numbers) display the classical LXCXE motif; however, the flanking amino 
acids around the identified motif for SSV-E closely resemble those of PanS V-Ken (Xie et 
al., 1995; Briddon et al., 1992) (see Table 3.6). Attempts at agroinfection of the cloned 
SSV -N isolate into maize were never successful, possibly due to the lack of Rb binding 
domain (E. P. Rybicki, pers. comm. & Hughes et al., 1993). 
The Rep proteins of MSV -Tas, MSV -VM and MSV -VW display all the consensus 
sequences essential for their activity as rolling circle replication proteins, sharing a high 
degree of identity to the other sequenced MSV isolates (see Table 3.6). The domains 
responsible for specific DNA binding identified in begomo- and curtoviruses are currently 
being defined in mastreviruses (Horvath et al., 1998; Orozco et al., 1997; Gladfelter et ar, 
1997; Settlage et al., 1996; Choi and Stenger, 1995). The MSV -N predicted protein-
protein oligomerisation domains are present in both Rep and RepA (aa 175 - 187) and are 





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































bers in brackets indicate the position o
f the first residue o
f the m
o























 at starting at 
238 w




















f arc indicated. 
2: C












ie et 01. (I 
T
he conserved residues are indicated in uppercase, w
hile low










 no consensus. R














 have the m
atching aa consensus sequence 
e











3.4.4.4: Intergenic regions 
Long intergenic region 
Alignments of the LIRs of the Gramineae-infecting mastreviruses have shown that the 
only conserved regions are the loop of the stem-loop structure and the T A TA boxes; 
furthermore, phylogenetic analysis has shown that this region is hypervariable compared 
to the rest of the genome (Rybicki, 1994; Hughes et al., 1992; Mullineaux et al., 1990). 
The hypervariablity of the intergenic region extends to the begomoviruses (Faria et al., 
1994). The stem-loop sequences of the three viruses sequenced here, except for one 
nucleotide 5' of the invariant sequence, are absolutely conserved (see Fig. 3.11). The Rep 
proximal iteron sequence and its relative position with respect to the TAT A boxes are also 
conserved. The presence of T tracts, possibly responsible for DNA bending within the 
LIR, has been identified, and these vary slightly between the wheat and maize viruses 
sequenced here (Smirez-Lopez et al., 1995; Gutierrez et al., 1995). More in depth analysis 
of the LIR sequences is discussed in Chapter 4 and 5 with respect to sequence 
requirements for replication and replication specificity amongst MSV s. 
Short intergenic region 
The mastrevirus complementary sense origin of replication is located in the SIR, where a 
variable sized DNA primer initiates second strand synthesis in MSV, DSV, TYDV, 
CSMV and WDV (Morris et al., 1992; Hayes et al., 1988; Andersen et al., 1988; Donson 
et al., 1987; Howell, 1984; Donson et aI., 1984). This region also contains the 
polyadenylation signals (A/GAT AA) (Messing et a!., 1983) for the virion and 
complementary sense genes and secondary structural elements of unknown function 
(Mullineaux et al., 1984; Donson et aI., 1984). A comparison of the SIR and flanking C2 
sequence of MSV -Tas, MSV -VW and MSV -VM with those of other sequenced MSV 
isolates is presented in Figure 3.12. The second strand primer binding site is highly 
conserved amongst the maize infecting MSV s, while the two wheat isolates and the grass 
isolate, MSV-Set show greater diversity. The C2 ORF secondary structural elements are 
highly conserved amongst all the isolates, differing only slightly in the stem length and 
loop sequence of the 3' structure. The function of these elements still remains to be 
elucidated, but considering the strong conservation amongst all the isolates, their role in 
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Figure 3.12: Multiple sequence alignments of the virion sense sequence of the SIR and 
flanking CP and RepB gene sequences. The stop codons of the genes are shown in bold, 
while the polyadenylation signals are boxed. The MSV-Reu, MSV-N and MSV-K C2 
stop codon is five codons after the other MSVs (Peter schmitt et ai., 1996). The putative 
primer binding site for dsDNA synthesis is indicated by a solid line above the sequence 
(Mullineaux et al., 1984). Secondary structural elements, within the C2 coding region, 
are indicated in italics (Donson et ai., 1984). The stem sequences are shown by a broken 
arrow with the putative loop sequence in lower case. Conserved residues in the sequence 
alignment are indicated by an asterisk (*) and dots (.) are indicated where gaps were 
inserted for optimal alignment. (see Table 3.1 for the sequence accession numbers). The 
nucleotide sequence positions of the transcription products are shown in Table 3.4 and 
sequence positions are numbered with respect to MSV -VM. 
3.4.5: Phylogenetic analysis 
The overall sequence identity between MSV -VW and MSV -Tas is 98.1 %, while MSV-
VM shares 89.9 % sequence identity with both MSV-VW and MSV-Tas. The homology 
between MSV -VW and MSV -Tas is similar to those shared between the maize isolates 
MSV-SA and MSV-N (97.8 %) (see Table 3.8). Prior to this study and the one performed 
by Rybicki et ai. (1998), MSV-Reu was the most distinct of the characterised MSVs, and 
was more closely related to viruses from the neighbouring islands than it was to the 
African streak viruses (Peterschmitt et ai., 1996; Briddon et ai., 1994). The more recently 
sequenced MSV-Set is now the most divergent MSV, sharing +/- 84 % CP aa sequence 
identity with the larger group of maize infecting MSV s, and 64 % or less identity with the 
other African streak viruses (Schnippenkoetter, 1998; Table 3.7). The inclusion ofMSV-
Set (previously known as SetSV) into the MSV group of viruses has extended the range of 
diversity within this group considerably: the designation of the virus as an MSV was due 
to MSV-Kom being able to trans-replicate MSV-Set (Schnippenkoetter, 1998; Hughes et 
ai., 1992). While the grass and wheat subtypes of MSV have been observed previously, 
there was no CP sequence available to compare with previous studies (Rybicki et ai., 
1998; Briddonetal., 1994; Hughes etal., 1992; Chapter 2). The CP sequence of MSV-
Tas and MSV -VW indicates that they are intermediate in variation between MSV -Set and 
the maize infecting MSVs, with greater than the maximum 2 % CP amino acid divergence 
from the latter, previously observed by Briddon et al. (1994) for maize-type MSVs (see 
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The full genomic sequences and partial host ranges have been obtained for two strains of 
MSV, MSV -VW and MSV -Tas. These were originally procured from infected wheat 
found in two different locations in South Africa, separated by over 1000 km. The 
genomic sequence of a third virus- MSV -VM, isolated from an infected maize plant from 
the same location as MSV -VW, was also obtained. Sequence data for all the viruses 
indicated the typical mastrevirus arrangement of ORFs, bi-directionally transcribed from 
the LIR and terminating in the SIR (Dekker et al., 1991; Morris-Krsinich et al., 1985). 
The putative translation products of the various ORFs were used in comparative analytical 
studies, the results of which indicated that MSV -VW and MSV -Tas form a distinct 
subgroup within the African streak virus group of mastreviruses (see Fig 3.7 & 3.8). 
Similar analyses of MSV -VM places this isolate firmly within the typical maize-infecting 
group, by all criteria except those based on MP sequence comparisons. It is possible that 
a recombination event occurred between a maize- and wheat-type MSV, arising in MSV-
VM having a MP sharing more identity with the latter, but having a genome sharing 
greater identity with the former. There is circumstantial evidence that this event may 
have occurred: both MSV-VM and MSV-VW were collected from the same location in 
consecutive seasons (Rybicki et al., 1998), and mixed populations of viruses are often 
present in maize, grasses and wheat (Chapter 2), providing a suitable environment for 
recombination. Viable intermolecular recombination between different species of 
geminiviruses, in particular, ToMoV and BDMV (Hou and Gilbertson, 1996) and East 
African cassava mosaic virus (EACMV) and ACMV (Zhou et al., 1997; Hong et al., 
1993), is known to have resulted in an increase in pathogenicity of the recombinant virus. 
This has led to speculation that intermolecular recombination has a role in the evolution of 
geminiviruses (also see Bisaro (1994) for a review; Rybicki, 1994; Klute et al., 1996; 
Briddon et al., 1996a). 
Functional protein domains and motifs identified in the various geminiviral proteins were 
conserved amongst all three sequenced viruses: all Rep proteins have the four motifs 
essential for their role in RCR and the Rb binding motif required for interaction with cell 
cycle regulators, and the MP hydrophobic trans-membrane spanning domain is present in 
aU three proteins. Standard putative plant intron donor and acceptor splice sites were 











shared post-transcriptional regulation of protein expression. Interestingly, the C2 ORF of 
MSV-Tas has a stop codon shortly after its putative start codon, similar to SSV, PanSV-
Kar and CSMV (Peterschmitt et al., 1996). Although the CPs are highly conserved 
amongst viruses sharing the same vector species, differences have been observed within 
in the putative DNA binding domain between the CP of the wheat isolates and the maize 
isolates (see Fig. 3.8) (Liu, H. et aI., 1997; Briddon et aI., 1994; Briddon et al., 1990). 
This may reflect one of the CP functions that is virus specific, although trans-
encapsidation and presumably also CP- DNA binding has been observed between distinct 
gemini viruses (Briddon et al., 1990). 
The putative determinants of replication specificity in mastreviruses - the iterons - are 
highly conserved between the three sequences presented here and those of all other 
MSVs, excepting MSV-Set and MSV-Raw (Schnippenkoetter, 1998; D. P. Martin, Pers. 
Comm & Chapter 2). Despite the conservation of the RSDs within the LIR, the Rep 
proteins of the two wheat viruses share only approximately 88 % identity with those of 
the maize viruses (see Table 3.8). Whether or not this is a reflection of host-adaptation in 
terms of Rep interaction with host factors, or that the amino acid sequence differences are 
within regions that are non-essential for function, remains unknown. Evidence exists of 
begomoviruses replicating but not producing systemic infections within certain hosts, 
implying that factors other than Rep-host interactions were limiting the host ranges (Hofer 
et al., 1997; Buragohain et al., 1994; Stenger et aI., 1992). Furthermore, analysis of Rep 
protein evolution determined that the outcome has probably not been directed by the host 
plant (Bradeen et aI., 1997). 
Although a limited range of plant species were used in the leafhopper transmission 
studies, the pathogenicity of MSV -Tas and - VW in the wheat and barley cultivars was 
greater than the maize isolate, MSV-Kom (Schnippenkoetter, 1998). Conversely, they 
were significantly less pathogenic in maize than MSV -Kom, following the trend 
established by the grass isolate MSV -Set (Schnippenkoetter, 1998). I would like to 
propose that a uniform panel of plants be used in future for the proper biological 
characterisation of MSV s. This panel would include common grass varieties as well as 
cereal crops and must be of the same ecotype (Peterschmitt et al., 1991). Unfortunately, 
due to the lack of grass isolates used in the leafhopper transmission studies, we are unable 











in terms of host -adaptation to non-maize plants. All indications, in terms of the diversity 
study presented in Chapter 2, implied that the grass isolates may use wheat as an 
alternative host species. Phylogenetic analysis based on sequence data obtained from part 
of the C2 ORF also consistently groups the grass and wheat isolates together, apart from 
the larger group of characterised maize MSV s (Rybicki et al., 1998; Hughes et aI., 1992): 
for this reason, and because of the clear biological differences between the wheat- and 
maize-infecting viruses, I have designated MSV -VM and - Tas as isolates of a distinct 
strain grouping (the wheat/grass strains) ofMSV. 
The presence of an intermediate group of viruses sharing only approximately 88 % 
sequence homology with the larger group of highly-related MSV isolates, allows for 
investigation using complementation of replication functions or the use of chimaeric 
proteins to establish the validity of using trans-replication as a criteria for relatedness 
(Rybicki, 1998; van Regenrnortel et al., 1997). These types of experiments will also 
allow elucidation of virus specific protein domains involved in genome replication, host-
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The extent to which mastreviruses display replication specificity is currently unknown; 
however, the ability to complement replication functions is thought to extend to those 
viruses sharing the same iterative elements within the long intergenic region (UR). A 
transient replication assay system was established for the detection and quantification of 
mastrevirus trans-replication in a Black Mexican sweetcorn (BMS) cell line. The 
replication kinetics of MSV in BMS were assessed over a period of 2 to 7 days and found 
to plateau after 4 days. A range of maize streak viruses (MSV) and one panicum streak 
virus (PanSV -Kar) were chosen for trans-replication studies of the typical maize-type 
virus MSV-Kom: MSV-Kom, MSV-VW, MSV-Tas and MSV-VM share the same 
iterative elements, but their RepA proteins range in amino acid sequence identity with 
MSV-Kom from MSV-VM with 98 %, to MSV-VW with 87 %. MSV-Set and PanSV-
Kar do not share the same UR iterative elements with MSV-Kom, and their Rep A 
proteins share 76 and 56 % sequence identity with that ofMSV-Kom, respectively. These 
viruses were assessed for their ability to trans-replicate three different Rep defective 
MSV-Kom -derived constructs. 
Co-bombardment ofa CaMV 35S promoter and chloramphenicol acetyl tranferase (CAT) 
MSV-Kom C1/C2 gene replacement construct with the wild type viruses indicated that 
they were all able to complement replication of the MSV-Kom derived replicon, even 
though MSV -Set was very inefficient. Trans-replication studies of a ~-glucuronidase 
(GUS) V2 replacement and Cl frameshift mutant of MSV-Kom, which had a luciferase 
expression cassette cloned in tandem, was done in an attempt to quantify changes in GUS 
expression due to an increase in genomic DNA resulting from complementation of 
replication functions. Results indicated that only the homologous Rep was able to 
significantly trans-replicate this construct above background levels. An unexpected result 
was observed: the two most heterologous viruses, MSV-Set and PanSV-Kar, inhibited the 
constitutive GUS expression from the virion sense promoter. The third Rep deficient 
construct co-bombarded with WT viruses into BMS cells was a CaMV 35S and GUS 
C 1/C2 replacement construct. Assessment of the expression of GUS relative to that of the 
internal luciferase control indicated that all the MSVs trans-replicated MSV-Kom, 
although MSV -Set was slightly less proficient than the more homologous viruses; PanSV-











functions and trans-replicate MSV -Kom. Sequence alignments of the various LIRs 
revealed some conserved elements shared by all the viruses, which differ from the 
putative replication specificity elements previously identified. 
4.2: INTRODUCTION 
Geminivirus replication specificity determinants (RSDs) have been identified using 
begomovirus pseudorecombinants, chimaeric constructs and site directed mutants (Sanz-
Burgos and Gutierrez, 1998; Gladfelter et ai., 1997; Fontes et al., 1994). The cis- and 
trans-acting elements essential for replication are in the process of being defined for 
begomoviruses, while similar research in curto- and mastreviruses has only recently 
started providing insight into these determinants, with considerable more data being 
available on the former (see Hanley-Bowdoin et ai. (1997 and 1999) for reviews & 
Chapter 1). 
The use of pseudorecombinants has been generally limited to isolates of a strain of a two 
component begomovirus, sharing common direct repeats called iterons within the left-
hand side of the intergenic region (Faria et ai., 1994; Fontes et ai., 1994). Exceptions to 
this rule were the viable pseudorecombinants obtained from ToMoV and BDMV, which 
share most of the sequence requirements within the direct repeats (Gilbertson et aI., 
1993). Furthermore, even if efficient trans-replication can occur using a certain A 
component and a heterologous B component, the converse is not necessarily true (Hofer 
et al., 1997; Faria et aI., 1994). These direct repeats are only the primary determinants of 
begomovirus specific replication, as secondary determinants located between the repeats 
and the stem-loop are also required (Hou and Gilbertson, 1996; Fontes et aI., 1994). The 
correct spatial arrangement of these elements is also essential for efficient replication 
(Gladfelter et ai., 1997). The stem-loop sequence itself does not determine specificity, 
but the presence of a WT stem does enhance replication, possibly due to a REn specific 
interaction (Hanley-Bowdoin et ai., 1996; Fontes et ai., 1994). 
Similar observations were made for the curtovirus BCTV, where the RSDs were initially 
mapped to within 97 bp of the intergenic region and later identified as a direct repeat, the 
sequence of which does tolerate small differences (Choi and Stenger, 1996; Choi and 











the stem-loop structures of BCTV isolates do not seem to act as secondary replication 
specificity elements, unlike the begomoviruses (Choi and Stenger, 1996; Fontes et al., 
1994). 
A TLCV -associated satellite DNA, with the same Rep proximal iterons and the conserved 
geminivirus invariant loop sequence as TLCV, was trans-replicated with varying levels of 
success by TLCV, TYLCV, ACMV and BCTV. The putative Rep proximal iteron 
formed part of a small stem-loop structure approximately 280 bp upstream from the 
invariant TAA TA TAC loop sequence. This separation of cis-elements was found to be 
essential for trans-replication (Dry et aI., 1997). The trans-replication of the satellite 
virus is the first report of such a diverse range of viruses all being able to trans-replicate a 
heterologous origin, which does not share the same RSDs. 
The theoretical identification of the RSDs for mastreviruses has yet to be conclusively 
challenged or confirmed (Arguello-Astorga et al., 1994a & b). I have undertaken a study 
of the complementation of replication functions amongst mastreviruses sharing common 
RSDs, and have also included some which were more diverse. While this study was in 
progress, an agroinfectious construct ofMSV-Set with a MSV-Kom LIR was made by Dr 
W. H. Schippenkoetter of this laboratory (Schnippenkoetter, 1998). This construct proved 
to be replication proficient, albeit highly attenuated, which indicates that these two viruses 
may not be sufficiently div rgent for complete lack of recognition of each others RSDs. 
However, the putative iteron sequences are different between MSV -Kom and MSV -Set 
(Schnippenkoetter, 1998). Similarly, chimaeric constructs of WDV isolates with different 
iterons were replicatively released from hybrid stem-loop structures, and two WDV 
isolates with 16.4 % sequence diversity could complement replication functions (Heyraud 
et aI., 1993b & unpublished data cited in Bendahmane et al., 1995). Chimaeric constructs 
of MSV and BeYDV (55 % sequence divergence, Table 3.8) with either ClIC2 or LIR 
exchanges were not replication proficient, suggesting that both cis- and trans-acting 
replication specificity elements differed considerably between these host adapted 
mastreviruses (Uu et aI., 1999). Studies using deletion mutants of the WDV LIR have 
shown that the minimal requirements for efficient replication are far greater than was 
previously expected, and were perhaps more similar to the other genera in the requirement 
for cis-elements (Sanz-Burgos and Gutierrez, 1998). The same could perhaps be true of 











Due to the necessity for all of the MSV ORFs to be expressed in planta for symptom 
development, I used microprojectile bombardment to simultaneously introduce a self-
replication deficient construct and one providing Rep in trans, into Black Mexican 
sweetcorn (BMS) suspension culture cells, in order to assess complementation of 
replication functions. Similar approaches have used to study the expression of foreign 
genes as V2 replacements in WDV, and for SIR insertions in MSV (Shen and Hohn, 
1994; Matzeit et al., 1991). Transient expression assays have been used to investigate 
viral promoter activity in the presence of Rep or TrAP, where it was also observed that 
amplification of viral DNA also increased the transcription of viral mRNA (Brough et al., 
1992; Hanley-Bowdoin et aI., 1988). These studies used the expression of ~­
glucuronidase (GUS) linked to genome amplification as a means of quantifying viral 
replication. It was assumed that the increased levels of GUS were due to increased 
replication of the viral construct; i.e. that increased replication would result in the 
concomitant increase in transcription levels. Expression levels from replicating WDV V2 
gene replacements constructs were enhanced 20 times compared to non-replicating 
constructs, indicating that perhaps mastreviruses could be used as gene vectors (Palmer 
and Rybicki, 1997; Timmermans et al., 1994; Mullineaux et al., 1992; Timmermans et 
al., 1992; Hofer et al., 1992; Matzeit et al., 1991). To this end various dimers of MSV-
Kom based constructs containing a MSV V2 translational fusion with GUS were made by 
K. E. Palmer and used to assay for the effect replication had on expression levels of the 
virion sense genes (Palmer, 1997). These experiments showed that increased GUS 
expression was linked to replication, similar to the findings of Suarez-Lopez and 
Gutierrez (1997), a d that no trans-activation of the MSV -Kom virion sense genes 
occurred in BMS, a finding analogous to the lack of trans-activation activity of the 
begomovirus TrAP in callus tissue (Sunter and BisMo, 1997; Palmer, 1997). 
To date all trans-acting Rep replication specificity determinants have been identified 
within the N-terminal half of the protein, with the first 89 aa required for curtovirus 
specificity and the first 116 aa for the Rep protein of the begomovirus TYLCV (Jupin et 
aI., 1995; Choi and Stenger, 1995). More precisely, two specific domains of the 
begomovirus TGMV Rep have been identified as origin recognition determinants 
(Gladfelter et al., 1997). No data are available on the Rep trans-acting determinants of 
mastrevirus replication. However, the WDV Rep protein is able to nick a TYLCV-like 











other than the stem-loop structure, indicating that these determinants may be more 
flexible than those in other geminivirus genera (Heyraud-Nitschke et al., 1995; Heyraud 
et al., 1993a). 
4.3: METHODS AND MATERIALS 
4.3.1: Source of virus isolates and Rep proteins 
Our lab strain of MSV, MSV-Kom, was chosen for the trans-replication studies for two 
reasons: first, it had been completely sequenced, and second, its biological 
characterisation had nearly been completed when this study was initiated 
(Schnippenkoetter, 1998 & Schnippenkoetter et al., unpublished data). A second isolate, 
MSV -Set, was in the process of being sequenced and characterised, which work has since 
been completed (Schnippenkoetter, 1998). MSV -Set was found to be a distinct strain of 
MSV, as had been previously predicted based on RFLP studies and part of the C2 
sequence (Schnippenkoetter, 1998; Hughes et al., 1992; Rybicki and Hughes, 1990 & 
Chapter 2). A range of viruses were selected for trans-replication studies. These shared 
the following percentage amino acid identity with the MSV-Kom Rep: MSV-VM 98 %; 
MSV-Tas 88 %; MSV-VW 87 %; MSV-Set 82 %, and PanSV-Kar 65 % (see Table 3.8). 
The Rep protein of the sequenced isolate of DSV Rep shares 67 % amino acid identity 
with that ofMSV Kom (see Table 3.8) (Donson et al., 1987), but our full agroinfectious 
dimeric clone of DSV, pDSV200 (Palmer, 1997), was separately isolated and cloned by 
Dr F. L. Hughes and is not sequenced (Hughes et al., 1992; Rybicki and Hughes, 1990). 
A partial dimer of a chimaeric virus based on MSV -Set, which has its V 1 and V2 ORF 
exchanged with those ofMSV-Kom (pSV1V2Ko, E. van der Walt, K. E. Palmer and E. P. 
Rybicki, unpublished data), was included in one of the trans-replication studies. 
4.3.1.1: Construction of a WT PanSV-Kar partial dimer 
The original agroinfectious clone of PanSY -Kar had been constructed as a partial dimer 
with only one LIR (Schnippenkoetter, 1998): therefore a 1.2 mer with two LIRs was 
reconstructed from the original monomeric clone pPS 100, which is linearised at its unique 











with XbaI before the larger of the two fragments, containing the 0.2 mer of PanSY -Kar 
and the pUC18 vector, was recovered from a 0.8 % TAE agarose gel using the 
Geneclean™ Kit (BIOla 1). The DNA was then self-ligated and the resultant clone 
named pPSV.l. The PanSY -Kar BamHI fragment was recovered from the vector by 
digestion of pPS 1 00 with B a mHI and PvuI, allowing the larger vector band to be 
distinguished from the two smaller vector bands in an agarose gel. The BamBI fragment 
was then ligated into a BamHI and calf intestinal phosphatase treated pPSV.l plasmid. 
The final plasmid containing the partial dimer was called pPSV 1.1. All molecular 
manipulations of DNA were performed as recommended by Sambrook et at. (1989) and 
varied where necessary according to specific manufacturer's specifications. 
4.3.2: Construction of replication deficient MSV -Kom 
mutants 
4.3.2.1: A CAT marker gene replacement of the 
complementary sense genes 
MSV -Kom-specific PCR primers were designed to amplify both virion sense genes as 
well as both the small and long intergenic region (designated as L VS): 
LIR-Kom (5'-CTATCTAGACGACGACGGAGGTTGAG-3') 
SIR-Kom (5'-CCGCTCGAGTAATTCATATAGATC-3') (Genosys, Cambridge, UK). 
The primers contain the restriction sites XbaI and XhoI, respectively (underlined 
sequences) and were designed to amplify the region spanning from bp 2532, three 
nucleotides from the start codon of the C1 ATG (position 2528), to position 1372 (C2 
stop codon at position 1198). This was achieved using DNA isolated from MSV -Kom 
agroinfected plants (see 3.3.4). A PCR master mix was made up as follows: 1.5 mM 
MgCh, 0.5 J.1M of each primer, 1 x PCR buffer, 0.5 units Taq (Applied Biotechnology) 
and 200 J.1M dNTPs (Boehringer Mannheim) per 100 J.11 reaction volume. The following 
cycling conditions were used on a waterbath-based JDI Model 8012 thermal cycler (JD 
Instruments, Cape Town): 94°C for 60 seconds, followed by 30 cycles of 94°C for 60 
seconds, 60°C for 60 seconds and 72°C for 150 seconds, and finally nOc for 300 seconds. 
The PCR product was then ethanol precipitated, treated with Klenow polymerase 
(Boehringer Mannheim) and blunt cloned into the EcoRV site of the pBluescript(KS) 











direction to ensure that no PCR generated errors had occurred (Mrs Di James, Department 
of Microbiology Sequencing Service, UCT). 
A marker gene cassette (pSKCAT) was constructed in pBluescript(SK). The TaqI 
fragment containing the chloramphenicol acetyl transferase (CAT) gene, obtained from 
pBSG8-15 (gift to the department from Georges Rapoport, Institut Pasteur) was ligated 
into the ClaI restriction site of pBluescript(SK). The CaMV 35S promoter was obtained 
from pMF6 (Callis et al., 1987) by digestion with Pst! and XbaI and ligation into the same 
restriction sites of pSKCAT to give pCamcat. A monomer backbone of the CI/C2 
replacement cassette (pL VScc2) was then made by excising the L VS part of pKomL VS 
using .ThoI and XbaI and then ligating the appropriate Geneclean TM treated fragment into 
a San restriction endonuclease digested pSKCAT. After overnight incubation at l SoC the 
remaining unligated ends were blunted using Klenow (Boehringer Mannheim), which 
allowed the ligation of the San and XbaI ends. The polyadenylation signals for the CAT 
transcript are provided by the SIR (Dekker et al., 1991). 
A subclone containing the UR was constructed by the digestion of pKomL VS with 
BamHI, and the appropriate fragment was ligated into BamHI and calf intestinal 
phosphatase treated pBluescript(KS). The resultant sub clone, called pURl, contained 
flanking Xbal sites, one introduced by PCR primer Kom-UR from clone pKomL VS, as 
well as the Xbal site from the vector. The monomeric clone, pL VScc2 was then partially 
dimerised by the insertion of the Xbar fragment from pUR 1 into the Xbal site flanking 
the CaMV 35S promoter. The resultant dimer was named pLVSccUR. 
4.3.2.2: Replication deficient GUS V2 replacement construct 
Trans-replication of a Rep-mutant virus expressing ~-glucuronidase (GUS) under the 
control of the virion sense promoter was used in an attempt to quantify the nature of the 
interaction between a heterologous Rep protein and origin of replication. To this end a 
transient replication assay comparing the expression of GUS relative to the expression of 
an internal control, the firefly luciferase gene (luci) (Ow et aI., 1986), was initiated. 











variation would be kept to a minimum. All plasmids annotated with the letters KEP used 
in this study were constructed by Dr K. E. Palmer (Palmer, 1997). 
A full tandem dimer of a ~-glucuronidase (gusA) gene and nos 3' terminator sequence 
replacement of the V2 ORF of MSV-Kom, called pKEP171gusd, had been created by the 
replacement of the virion sense ORFs from pKEPl71 with a VI, gusA and nos terminator 
cassette from plasmid pKEP176. The plasmid pKEP17l is a MSV-Kom based monomer 
with an insertion of a TG dinucleotide at position 2304, resulting in a frame shift mutation 
in the CI ORF and created a PstI site. Plasmid pKEP176 has a mutation at the V2 start 
codon, which was changed by site directed mutagenesis to a Neol site, allowing the gusA 
and nos terminator from pGUSN358~S (Clonetech, Palo Alto, CA) to be inserted as a 
Nco I and EeoRl fragment and at the same time removing all other MSV sequences except 
the BamHI to Nco I VI gene containing fragment. I linked pKEP17Igusd to a CaMV 35S 
. promoter-driven luciferase expression cassette, pKEPluci, and named this plasmid 
pl71luci. Construction ofp1711uci was achieved by the digestion ofpKEPluci with BglII 
(which cuts at a unique site upstream of the CaMV35S promoter) which allowed the 
ligation of the MSV-Kom based dimer excised from the partially BamHI digested 
pKEP171gusd plasmid. 
4.3.2.3: C1IC2 ORF replacement with a GUS expression 
cassette 
The GUS gene was excised from pKEP176 by digestion with Nco I and EeoRl, treated 
with Klenow and ligated into an EeoRV digested pBluescript KS. The resultant plasmid 
with the start codon of gusA orientated on the Sad SIde of the multiple cloning site, called 
pKSgus 1, was digested with .xhol and PstI to release the gusA and nos fragment allowing 
directional cloning into the .xhol and Pstl treated pLVSccLIR. This effectively replaces 
the 770 bp CAT gene with the approximately 2000 bp gusA and nos terminator, now 










4.3.3: Establishment of a transient replication assay system 
4.3.3.1: Maintenance of BMS suspension culture cells 
The Black Mexican sweetcorn (BMS) suspension culture, provided by Pioneer Hi-Bred 
Inc. (Des Moines, Iowa), was maintained in 25 ml BMS medium in a 250 ml DeLong 
flask, and routinely sub-cultured once a week by a one-tenth dilution into fresh medium. 
BMS liquid media was made by the protocol of Murashige and Skoog (1962) using 4.324 
g lyophilised MS salt powder (Highveld Biologicals, South Africa), 2 mg/ml 2,4-D 
(Sigma), 0.1 mg myo-inositol, 30 g sucrose and MS vitamins made up at pH 5.75 
(Murashige and Shoog, 1962). For solid BMS media 8 gil of agar (Sigma) was added to 
the above liquid media. The suspensions were maintained in the dark on a rotary shaker at 
26°C and 150 rpm, and three days prior to the introduction of DNA into the BMS cells by 
microprojectile bombardment, the suspension was diluted by one third. 
4.3.3.2: Preparation of BMS cells for bombardment 
Four hours prior to bombardment a 1 ml volume of the suspension was layered gently 
onto a Whatman #4 filter disk by vacuum filtration. The disks were then placed onto 
solid BMS media containing 0.2 M mannitol and 10 ~g/ml AgN03 (Vain et al., 1993; 
Armstrong and Songstad, 1993). The cells were maintained on this high osmoticum 
media for 24 hours after bombardment and were then returned to ordinary solid BMS 
media until harvested. 
4.3.3.3: Particle bombardment of BMS suspension culture 
cells 
A Du Pont PDS-l OOOlHe particle gun was used to bombard each plate of prepared BMS 
tissue twice at 650 psi (all Bio-Rad components were used as per the manufacturer's 
instructions), using a 6 mm gap distance between rupture disk holder and macro carrier, a 
5 mm macro carrier flight distance, and a particle flight distance of 6 cm. A vacuum of 27 
in. Hg was maintained prior to firing the gun. The preparation of gold and precipitation of 
DNA onto the gold was performed according to the protocol of Dunder et al. (1995), 











4.3.3.4: Precipitation of DNA 
The replication kinetics ofWT MSV-Kom and MSV-Set were assessed in BMS. Either 
pKom602 (1200 ng) or pSet105 (1200 ng) was added to a 3 mg gold particle suspension 
in 50 % (v/v) glyceroL While continuously vortexing the sample 50 ~l of 2.5 M CaCh 
and 20 ~l 0.1 M spermidine (Sigma) were added. The gold preparation was then briefly 
centrifuged for three 4 seconds spins at 3000 rpm, washed and resuspended in I ml of 
absolute ethanol, centrifuged as before, and finally resuspended in 75 ~l of ethanol 
(Dunder et al., 1995). Each of six sterile macrocarriers was then coated with 12 ~l of the 
gold suspension and allowed to air dry. Two precipitation reactions were performed for 
each plasmid, with six bombardments per precipitation achieved. Due to the high 
variability found between precipitation reactions, for this experiment 6 BMS plates were 
bombarded once with the first precipitation and a second set of 6 plates was bombarded 
with DNA from the second precipitation. One plate from each precipitation could then be 
compared on any individual day. 
For experiments where protein was to be extracted from the bombarded BMS cells, either 
6400 ng of p 171luci or 1200 ng of pL VScgLIR and 1200 ng pKEPluci, and finally 1200 
ng of the plasmid providing Rep in trans, was added to 3 mg of gold (see Table 4.1). As 
an alternative to the WT virus, 1200 ng ofpKEP132, a MSV-Kom Rep gene cloned under 
the control of the rice actin 1 promoter and nos terminator from pCOR113, was used 
(Palmer, 1997; McElroy et al., 1991). For this experiment each plate was bombarded 
twice, resulting in three plates per precipitation (see Table 4.1). 
The same protocol as above was followed for bombardment of samples from which DNA 
was to be extracted, except 800 ng of each plasmid was precipitated onto 2 mg of gold 
and a total of four macrocarriers were used per precipitation. Each plate ofBMS was then 
bombarded twice, resulting in two plates each receiving a total of 200 ng 
/plasmidlbombardment. This experiment was repeated three times. Unmodified plasmid 
vector (pBluescript(SK) was co-bombarded with the Rep defective construct as a control 











4.3.3.5: DNA extractions and analysis 
The extraction protocol for the preferential isolation of low molecular weight DNA of 
Anat and Subramanian (1992) as quoted in Xie et al. (1995) was followed. The final 
preparation was treated with 10 Jlgfml RNaseA and subjected to a final 3 M sodium 
acetate and ethanol precipitation step. The final DNA concentration was then determined 
by measuring the absorbance at 260 run. 
Table 4.1: Summary of the plasmids co-precipitated for microprojectile bombardment for 
the detection of trans-replication of MSV-Kom based Rep defective constructs. 
Rep defective plasmid Plasmid providing 
Rep in trans 




















































pL VScgLIR + pKEPluci pBluescript(SK) # none 3 
pKom602 MSV -Kom 4 
~moo M~~W 4 
pVMSOl MSV-VM 4 
pSetl OS MSV -Set 3 
pPSVl.l PanSV-Kar 3 
pDSV200 DSV 3 
#; No Rep was expressed from either construct present in the precipitation 
$; Rep expression cassette 
4.3.3.6: Southern blot analysis 
A 7 Jlg aliquot of total DNA extracted as above was electrophoresed through a 0.8 % 
agarose gel in O.S x TBE at 30 volts overnight (Sambrook et aI., 1989). The DNA was 











Boehringer Mannheim Guide to Dig Users) onto a nylon membrane (Hybond N+), after 
which the DNA was fixed onto the membrane by UV transillumination at 256 run for 2 
minutes. The membrane was pre-hybridised in Dig Easy Hyb buffer (Boehringer 
Mannheim) for 30 minutes prior to the addition of a heat denatured probe. After 
overnight hybridization at 42°C, the membrane was washed stringently in a 0.1 x SSC 
solution and the presence of Dig detected using alkaline phosphatase conjugated anti-Dig 
Fab fragments (Boehringer Mannheim) at a 1 in 20 000 dilution. The presence of alkaline 
phosphatase was detected by the addition of the chemiluminescent substrate, CPD-Star 
(Boehringer Mannheim), and the exposure of membrane to X-ray film for the required 
amount of time. 
For the detection of WT replicating DNA a MSV -Kom-specific Dig-labeled probe was 
made as before (3.3.4). To detect the trans-replicated construct pL VSccLIR, a Dig-
labeled probe specific for CAT was made by the excision of the cat gene from pSKCAT 
and recovery of the DNA from an agarose gel slice (Geneclean™). The DNA was heat 
denatured and was labeled overnight at 3 7°C by the addition of Klenow polymerase, 
random hexanucleotides, Digoxigenin-ll-dUTP and dNTP mix (as per Boehringer 
Mannheim Dig DNA Labeling and Detection kit instructions). A working concentration 
of 1 lll/mi probe was added to 20 ml of Dig Easy Hyb (Boehringer Mannheim) for 
hybridisation at 42°C. 
4.3.4: peR confirmation of trans-replication 
The results obtained from the Southern blot of DNA isolated from pL VSccLIR 
bombarded cells were confirmed using a primer specific for the CaMV 35S promoter 
sequence, which could work in conjunction with either of the two degenerate primers 215 
- 234 and 1770 - 1792 (Chapter 2). The CaMV 35S primer designed by Dr K. E. Palmer 
(unpublished data), with the sequence 5'-CAACCACGTCTTCAAAGC-3' (Genosys 
Biotechnologies), would only amplify a segment spanning the LIR if replication of the 
Rep mutant had resulted in a circularized DNA form. To each PCR reaction was added a 
100 ng of isolated DNA and the same PCR cycle and components as in section 2.3.2 were 











amplification product was electrophoresed through a 0.8 % agarose gel and visualized by 
the addition of ethidium bromide. 
Confirmation that the various plasmids carrying partial dimers of WT viruses were 
replicating, and therefore able to provide Rep in trans, was obtained by PCR 
amplification of 100 ng of DNA extracted from BMS cells (as above), using primers 215 
- 234 and 1770 - 1792 (see 2.3.2). 
4.3.5: Detection of protein expression 
4.3.5.1: Histochemical assay 
GUS activity in bombarded BMS cells was visualised by addition of the GUS substrate 
X-Gluc (Sigma) to cells harvested three days after bombardment (Jefferson et al., 1987). 
The cells were incubated overnight at 37°e. 
4.3.5.2: Protein assays for the detection of GUS and luciferase 
activity 
Three days after bombardment protein was extracted from the BMS cells in the following 
manner: the cells were collected into a 1.5 ml Eppendorf microcentrifuge tube and after 
the addition of diatomaceous earth (Celite), were ground using a micro centrifuge tube 
pestle. A 250 ~l aliquot of luciferase lysis buffer (Luciferase Assay Kit, Tropix, Inc. 
USA) containing 1 mM DTT was added, the tubes were spun at 14000 rpm at 4°C for 2 
minutes and the supernatant was kept for analysis as per manufacturers instructions. A 10 
~l aliquot of the protein extraction was analysed for luciferase activity, using a Hewlett 
Packard Pico-lite luminometer, immediately after the proteins were extracted. Within 10 
minutes of the addition of 1 00 ~1 of substrate A (Tropix) to the protein sample, 100 III of 
substrate B (Tropix) was added and the luciferase activity was counted for 10 seconds 
after a 1 second delay. Activity was expressed as relative light units (RLU). The Tropix 
luciferase lysis buffer is compatible with the reagents of the GUS-Light™ (Tropix, Inc., 
USA) GUS activity detection kit and therefore both enzymes could be assayed from the 











or the samples were frozen at -70°C until required. A 10 1-11 protein aliquot was used for 
the GUS assay to which 90 III of the reaction buffer (GUS-LightTM, Tropix, Inc. USA) had 
been added. Exactly one-hour later 150 III of the GUS enhancer (Tropix) was added and 
the luminometer readings counted for 5 seconds after a delay of 3 seconds. Each 
precipitation effectively gave three readings i.e. three plates per precipitation. Three 
DNA precipitations, except for one sample indicated in Table 4.1, were performed for 
each WT construct and the mean of 9 individual readings is given. The GUS and 
luciferase activity of the unbombarded BMS cells was analysed and if a precipitation gave 
values lower than these, all three readings were assumed to be anomalous and were 
disregarded. A serial dilution of a sample of both the highest luciferase and GUS 
expressing protein extractions were made, and the readings analysed and found to be 
within the linear part of the range of detection (data not shown). 
4.3.6: Sequence analysis of RepA and the LIR 
The LIR nucleic acid sequences of the following viruses; MSV-Tas, MSV-VW, MSV-
VM, MSV-Kom, MSV-Set, MSV-Reu and PanSV-Kar were initially aligned using 
DNAMAN 4.0 (see Table 3.1 for GenBank accession numbers), and then manually 
realigned to highlight conserved stretches of sequence. The replication specificity 
domains of both the begomo- and curto virus Rep protein have been localised to the N-
terminus (Jupin et ai., 1995; Choi and Stenger, 1995). A multiple sequence alignment of 
the RepA portion of some of the various sequenced isolates that were analysed in Chapter 













4.4.1: Construction of partial dimers ofWT viruses 
The relative efficiency of agroinfection of partially dimeric viral genome constucts with 
one LIR is markedly lower than those with two (D.P. Martin and E. P. Rybicki, 
unpublished data, and Schnippenkoetter, 1998). Both replicative release and homologous 
recombination occur when partial dimers with two LIRs are introduced into plant cells, 
whereas only the latter mechanism is possible with partial dimers with one LIR 
(Schnippenkoetter, 1998; Heyraud et al., 1993b; Stenger et al., 1991). A partial dimer of 
PanSY -Kar containing two LIRs was constructed and named pPSV1.1: this was done so 
that experiments in which PanSY was used to trans-replicate MSV-Kom would be 
directly comparable to experiments using MSV -derived infectious genomic constructs, all 
of which contained two LIRs. 
4.4.2: Replication kinetics of WT viruses in BMS suspension 
culture cells 
I separately bombarded the partial dimers of pKom602 and pSet 1 05 into BMS, and 
harvested the DNA over a period of 2 to 7 days after bombardment. MSV-Kom dsDNA 
replicons were detected from day 2 to day 7 (see Fig 4.1), and MSV-Set from days 2 to 6 
(data not shown). The level of replication reached a plateau at four days and maintained 
this level. The replicative forms were compared to MSV-Kom genomic DNA extracted 
from agroinfected plants (see 3.3.4). Genome copy number was not determined. 
4.4.3: Trans-replication of Rep mutant MSV -Kom based 
constructs 
4.4.3.1: Trans-replication of a Rep mutant construct 
(PL VSccLIR) 
A partial MSV-Kom-derived dimer with a ClIC2 replacement with CaMV 35S-CAT was 
constructed (pLVSccLIR), which would release a genome of approximately 2.9 kb in the 











DNA arising from homologous recombination could be detected after three days. Similar 
observations, using different WDV based constructs, have been made by Suarez-Lopez 
and Gutierrez (1997) (see Fig. 4.3). Co-bombardment ofpLVSccLIR with partial dimers 
of wild type MSV isolates and PanSY -Kar indicated that complementation of replication 
functions could be provided by heterologous viruses with sequence divergence of greater 
than 20 %. However MSV -Set was repeatedly the least competent at trans-replication of 
the MSV-Kom based construct, as evidenced by both PCR and Southern blot analysis (see 
Fig. 4.3 & 4.4). PCR analysis using both primers 215 - 234 and 1770 - 1792 confirmed 
that the WT viruses were self-replicating and therefore expressing functional Rep proteins 
(see Fig. 4.3A). These results were confirmed in two further experiments. 
4.4.3.2: Trans-replication of a Rep- and GUS V2 replacement 
MSV-Kom based construct (P171Luci) 
The effect of co-bombardment of WT partial dimers with p 171luci on the levels of GUS 
expression was visualised by the addition of the histochemical substrate X-Gluc to cells 
harvested three days after bombardment. The virion sense promoter of pKEP 1 71gusd is 
constitutively expressed in BMS (Palmer, 1997), which was evident in the BMS cells co-
bombarded with p171luci and pBluescript(SK) (See Fig. 4.5A). Upon co-bombardment of 
p1711uci with plasmids harbouring MSV-Kom, MSV-Tas, MSV-VW or MSV-VM partial 
dimers, an increase of GUS expression was observed, whereas the addition ofPanSV-Kar 














Figure 4.1: Detection of replication of MSV-Kom in BMS cells over a period of2 to 
7 days post bombardment, by Southern blot analysis using a MSV-Kom based Dig-
labeled probe. The different dsDNA replicative fonns are indicated; linear (1), 
supercoiled (sc) and open circular (oc). The experiment was perfonned in duplicate 
and compared to genomic DNA extracted from MSV-Kom agroinfected sweetcom 
cv. Jubilee (+) and from unbombarded BMS cells (-). Two samples were extracted for 
each time point. 
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Figure 4.2: Replication deficient MSV-Kom-derived constructs used to assay for the 
complementation of replication functions by WT viruses. The 1.1 mers of MSV-Kom-
based constructs with CaMV 35S and cat or gusA gene ClIC2 ORF replacements, 
pLVSccLIR and pLVScgLIR, respectively are represented. The monomer of the MSV-
Kom gusA and nos 3' V2 ORF replacement, pKEPl71gus, was completely dimerised to 
fonn pKEP171gusd (Palmer, 1997). All identical ORFs are shaded in the same manner 
and are labeled under the arrow indicating direction of transcription. The LIR is 
indicated by a black rectangle and the SIR by a black line, not overlapped by any arrows. 
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Figure 4.3: Detection by replicon-specific PCR amplification of the trans-replication 
by various WT viruses of a Rep-deficient MSV-Kom construct (PLVSccLIR). All 
fragments were electrophoresed through a ethidiwn bromide stained 0.8 % agarose 
gel. A) Detection of replicating WT viruses by PCR using the degenerate primers 215 
- 234 and 1770 - 1792. B) Detection of pLVSccLIR replicative forms by PCR using 
primers 215 - 234 and CaMV 35S. DNA was isolated from 2 individually bombarded 
plates of BMS cells. The foil owing plasmi ds were co-bombarded wi th pL VSccLIR: 
pSetl05 (Set), pVW301 (VW), pVM501 (VM), pPSVl.l (PanSV), pKom602 (Kom) 
and pTas301 (Tas). As controls, DNA was extracted from unbombarded cells (BMS) 
and cells bombarded with only pLVSccLIR (LVS). The approximate size (in base 
pairs) of the PCR products compared to the lambda PstI digested DNA (A.), are 






Figure 4.4: Detection of the replicative forms of the MSV-Kom based CaMV 
35S and cat cassette ClIC2 ORF replacement (pLVSccLIR), by Southern blot 
analysis using a Dig-labeled CAT probe. The DNA extractions were 
electrophoresed through a 0.8 % agarose gel prior to capillary transfer to the 
ny Ion mem brane. The sampl es are the same as as those subj ected to PCR 
analysis (see Fig. 4.3), confirming the lower yield ofreplicating DNA with MSV-
VW and MSV-Set co-bombardments with pLVSccLIR in this experiment. Due to 
high experimental variation even within the results obtained for one precipitation, 
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Figure 4.5: The effect of providing Rep in trans on the expression of GUS under 
the control of: A) the virion sense promoter in pl71luci, and B) the CaMV 35 S 
promoter in pLVScgUR. A) All wells contain BMS bombarded with pl71luci and 
well I, pBluescript(SK); well 2, pSet105; well 3, pPSVl.I; well 4, pTas301; well 5, 
pVW203; well 6, pVM501; and well 7, pKom602. B) All microcentrifuge tubes 
contain BMS bombarded with pLVScgUR and I, pBluescript(SK); 2, pKom602; 3, 
pVW302; 4, pVM501; 5, pSetl05; 6, pPSVl.I and 7, pDSV200. 
The relative expression levels of GUS and luciferase in BMS cells co-bombarded 
with pl71luci and various plasm ids expressing Rep are tabulated below. These results 
indicated that only in the presence of high concentrations of Rep (pKEPI32) was any 
large enhancement of GUS expression observed, this being a six fold increase over 
the non-replicating construct (see Table 4.2) (K. E. Palmer, 1997). Only Rep derived 
from the homologous virus (MSV-Kom) expressed as part of a replicating genome 
gave significant expression of GUS over the background levels, while significant 
inhibition of GUS expression, as was observed in the histochemical assay, was 
evident for the same two constructs (e.g. MSV-Set and PanSV-Kar). Co-
bombardment of pl71luci with MSV-Set which had both the virion sense ORFs 
replaced with the same MSV-Kom sequences, pSVI V2Ko, increased the levels of 
GUS expressed back to the basal constitutively expressed levels compared to that of 










Table 4.2: Mean GUS/luciferase ratio for co-bombardments of p 1711uci with various 








pKEP132# 18.35 6.62 5.29 6 
pBluescript(SK) 2.89 0.63 0.41 9 
pKom602 4.77 3.01 1.71 12 
pVW203 2.95 0.89 0.50 12 
pVM501 3.48 1.52 0.86 12 
pTas301 2.21 0.95 0.62 9 
pPSV 1.1 0.76 0.25 0.17 9 
pSetl05 1.52 0.82 0.46 12 
pSV 1 V2K8 2.48 0.83 0.54 9 
I: Mean of the standardised GUS and luciferase expression ratios obtained for the number 
of samples indicated in column 4. 
2: SO: Standard deviation 
J: 95 % CI: 95 % confidence interval for the mean 
': Number of readings obtained for each trans-replication assay 
': Non-replicating construct 
Trans -replication of MSV -Kom (pl71Luci) 
6 
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Figure 4.6: Expression of GUS in BMS cells after co-bombardment of p l7lluci with the 
various plasmids indicated. SK = pBluescript(SK); Kom = pKom602; VW = pVW203; 
VM = pVM501; Tas = pTas30l, PanSY = pPSVl.l; Set = pSetl05 and SVl2K = 
pSV I V2K8. Error bars indicate the 95 % confidence intervals for the mean (see Table 
4.2). Significant differences were determined using the Student's { test. MSV -Kom, MSV-
Set and PanSY -Kar gave the only significantly different results (p < 0.05) compared to 










4.4.3.3: Trans-replication of MSV-Kom C1IC2 ORF 
replacement (PL VScgLIR) 
139 
The plasmid pL VSccLIR, which contained all the necessary cis-elements required for 
replication, was modified to express the GUS gene under the control of the CaMV 3SS 
promoter as a ClfC2 ORF replacement (see Fig 4.2). Any putative negative regulation of 
Rep transcription, analogous to that observed in the begomoviruses, therefore need not be 
taken into consideration (Eagle et aI., 1994; Sunter et aI., 1993). The plasmid 
pL VScgLIR would replicatively release a 4.1 kb replicon in the presence of a functional 
Rep supplied in trans. The relative ability of each of the various WT viruses to 
complement replication functions of either pL VScgLIR or pKEPluci would be directly 
correlated to the levels of gusA transcripts present and therefore the levels of GUS 
expression. The assessment of luciferase activity expressed from a separate plasmid, 
pKEPluci, was used as the internal experimental control. The histochemical assay for 
GUS expression correlates well with the ratios of GUS to luciferase activity measured 
using bioluminescent detection of the enzyme in the crude protein extracts (see Fig. 4.SB 
and 4.7). A threefold increase of GUS expression was achieved after co-bombardment of 
pLVScgLIR with the homologous virus, MSV-Kom (see Table 4.3). High standard 
deviation of the mean, possibly due to experimental variation was noticed when three 
plasmids were simultaneously introduced into the BMS. Nonetheless, significant trans-
replication of the MSV -Kom Rep mutants by a range of WT viruses was achieved (p < 
O.OS) and the inclusion of DSV served as a non-replication complementing control. 
Differences in the levels of GUS expression from the MSV-Kom virion sense promoter 
compared to expression from the CaMV 3SS promoter were observed in the 
histochemical assays (compare Fig 4.SA 1 with B 1). No conclusions can be drawn from 
this because; although it appears that the virion sense promoter is expressing GUS at a 
higher level this could be due to the higher amount of input DNA used in the p 171luci 
bombardments. Furthermore, p 171luci contains a full dimer and therefore two copies of 
the virion sense promoter compared with the single CaMV 3SS promoter present in the 











Table 4.3: Mean GUSlluciferase ratio for co-bombardments of pLVScgLIR with 
plasm ids providing Rep in trans. 
Plasmid Mean SD2 95 % No. of 
GUSILuc 1 Ce samples4 
pBluescript(SK)# 4.56 2.82 1.84 9 
pKom602 13.52 7.26 4.11 12 
pVM50l 13.63 13.44 7.60 12 
pVW203 13.86 8.17 4.63 12 
pSetl05 10.93 3.24 2.12 9 
pPSVl.l 12.96 4.96 3.24 9 
pOSV200 4.41 2.85 l.86 9 
I: Mean of the standardised GUS and luciferase expression ratios obtained for the number 
of samples indicated in column 4. 
2 SO: Standard deviation 
J 95 % CI: 95 % confidence interval for the mean 
4 Number of readings obtained for each trans-replication assay 
# Non- Rep expressing construct 




SK Kom VM vw Set PanSV DSV 
Figure 4.7: Expression of GUS in BMS cells after co-bombardment of pLVScgLIR and 
pKEPluci with the various plasmids indicated. SK = pBluescript(SK); Kom = pKom602; 
VW = pVW203; VM = pVM501; Set = pSetl05, PanSY = pPSVl.l and DSV = 
pDSV200. Error bars indicate the 95 % confidence interval for the mean (see Table 4.3). 
Significant differences in GUS expression due to trans-replication, determined using the 
Student's t test, were achieved for all WT viruses except DSV (p < 0.05). No significant 
differences were observed between the ability of the homologous virus, MSV -Kom, and 











4.4.4: Sequence analysis of the LIR and Rep proteins 
In an attempt to explain the complementation of trans-replication functions between virus 
as diverse as PanSY and MSV-Kom I undertook to identify common features within the 
origin of replication, other than the previously identified iterons, which may act alone or 
in conjunction as replication specificity determinants. The PanSV-Kar Rep is able to 
recognise the MSV -Kom origin of replication and trans-replicate MSV -Kom derived 
constructs to significantly detectable levels; therefore, according to current thinking the 
cis-element(s) that reside within the PanSY -Kar ori must be conserved to some extent 
within the MSV-Kom art. The putative PanSV-Kar Rep proximal iteron sequence 5'-
CCCACCCC-3' has the closest sequence identity to a region just downstream of the 
MSV -Kom putative iteron, where either of two overlapping positions share 4 out of 8 
nucleotides (see Fig. 4.8). Conversely, the PanSY -Kar LIR contains the sequence 5'-
CGTGCCTTT -3', just downstream of its own Rep proximal iteron (underlined 
nucleotides are part of the MSV-Kom Rep proximal iteron sequence). Analysis of the 
stem-loop sequences revealed that 3' of the TAATATTAC loop sequence \vas a highly 
conserved sequence C(G/T)CCG/T)C(C/A), with the majority of viruses sharing the 
nucleotides indicated in bold. The underlined nucleotides are also present in the Rep 
proximal iteron of all 16 sequenced MSV LIRs. The multiple sequence alignment used to 
generate the relationship dendogram (Fig. 2.5) in Chapter 2 confirms this (data not shown, 
1. A. Willment, D. P. Martin and E. P. Rybicki, unpublished data). This same CGCC 
sequence exists as a repeat (see Fig. 4.8), once in the MSV Rep proximal iteron, and once 
again just downstream, although PanSV-Kar only shares the latter overlapping with its 
own putative iteron sequence. Both the putative MSV-Set Rep proximal and stem-loop 
iter on sequence share 4 out of 8 nucleotid'es with the typical MSV iteron 
(Schnippenkoetter, 1998): these four nucleotides are the same CGCC sequences repeated 
downstream. 
There are two further highly conserved groups of sequences on the virion sense side of the 
stem-loop, each six nucleotides long. The first is at the base of the MSV stem-loop 
structure and the second just prior to the putative DNA bending region (Suarez-L6pez et 
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The significance of these conserved regions is unknown, but the WDV minimal ori does 
require about 28 nucleotides downstream of the stem-loop for replication to occur, and a 
further 22 nucleotides 3' of this enhances replication (Sanz-Burgos and Gutierrez, 
1998).This is in contrast to the begomoviruses, which do not require any sequences 3' of 
the stem-loop for replication (Lazarowitz et al., 1992). A putative DNA bending region 
has been identified in both WDV and MSV, and occurs in all mastreviruses except MiSV 
and CSMV (as cited in (Suarez-Lopez et al., 1995; Gutierrez et al., 1995)). Although the 
MSV s are highly conserved in this region, this is not much sequence homology with 
PanSV-Kar (see Fig 4.8); thus, this region may not playa significant role in replication 
(Sanz-Burgos and Gutierrez, 1998). 
Table 4.4: Pairwise percentage amino acid identities of RepA proteins and nucleic acid 









: Upper right-hand side of the table above the diagonal indicates the RepA percentage 
amino acid sequence identity and the lower left-hand side indicates the LIR percentage 
nucleic acid sequence identity obtained using the default optimal alignment options in 
DNA MAN 4.0. The percentage identities MSV -Kom shares with the other viruses are 
highlighted. 
The most variable part of the geminivirus genome is the large intergenic region, or 
common region, with the 5' end showing greater variability (Zhou et al., 1998; Padidam 
et al., 1995; Faria et al., 1994; Rybicki, 1994). Phylogenetic relationships based on the 
intergenic region generally correspond well to those obtained from both the nucleic acid 
and amino acid sequences of the various expressed genes at least for more closely related 
viruses (Padidam et al., 1995; Rybicki, 1994). Overall the Rep protein is less variable 
than the Cl (Rep A) protein sequence (compare Table 3.8 with Table 4.4), which is 
expected considering that the trans-acting replication specificity domains within the 
geminivirus Rep protein reside in the N-terminus. The divergence observed between the 











transcriptional repression, has been proven (Eagle and Hanley-Bowdoin, 1997; Eagle et 
al., 1994; Sunter et ai., 1993). 
A more representative assay of the ability of WT viruses to trans-replicate a Rep mutant 
MSV -Kom, although still not sufficiently sensitive enough for detection of subtle 
differences in the efficiency of trans-replication, was the use of the CaMV 35S promoter 
to express GUS as a C lIC2 ORFs replacement cassette. GUS expression normalized 
against the expression of the internalluciferase control gave a threefold increase in GUS 
expression due to homologous trans-replication. Results indicated that all WT viruses, 
with the exception of DSV, were able to trans-replicate MSV-Kom, duplicating the 
results obtained with the CAT construct. However, the high variablity between assays, 
even with the presence of an unlinked internal control, pKEPluci, did not allow any 
significant differences in replication efficiency to be detected. 
Efficient trans-replication would presumably require the sharing of common RSDs within 
the LIR. The mastrevirus intergenic regions are very variable in terms of sequence 
diversity (Padidam et ai., 1995; Rybicki, 1994; Hughes et ai., 1992); however, the RSDs 
defined by Arguello-Astorga et al. (1994a & b) are conserved between all of these 
sequenced MSVs, excepting MSV-Set and now MSV-Raw (Schnippenkoetter, 1998 & 
D. P. Martin and E. P. Rybicki, unpublished data). The more distantly related PanSVs, 
SSV, DSV and WDVs share the overall spatial arrangement of RSDs with the MSVs, i.e. 
the iterons within the stem-loop and one Cl proximal heron (Palmer and Rybicki, 1998). 
As can be observed from the multiple sequence alignment (see Fig. 4.8), there are 
considerable differences in the spacing of the TAT A boxes and iterons, both Rep 
proximal and within the stem-loop, for PanSY -Kar and MSV -Set compared to the other 
viruses analysed. Only in the case of MSV -Set do these differences (potentially acting as 
secondary replication specificity elements) seem to impact its ability to recognise and 
trans-replicate MSV-Kom (Fontes et al., 1994). Other than the BCTV direct repeats, no 
further secondary determinants of replication have been observed in curtoviruses, even 
between BCTV strains now defined as distinct viruses, differing in nucleotide sequence 
and spacing upstream of the stem-loop (Choi and Stenger, 1996). Conversely, the 
begomovirus TGMV requires up to six cis-elements for efficient replication, including 
elements with precise sequences, besides the direct repeats, and conserved spatial 











There was far less replication specificity displayed amongst the mastreviruses examined 
in this study than was shown for the curto- or begomoviruses analysed to date. Evidence 
that a chimaeric MSV-Set with MSV-Kom LIR sequences still produced symptoms in 
plants, although these were highly attenuated compared to the WT MSV -Set, adds further 
proof that the multifunctional mastrevirus Rep protein can engage all essential 
interactions with a highly heterologous LIR (Schnippenkoetter, 1998), The putative 
PanS V -Kar Rep proximal iteron region is very similar to the cognate MSV -Kom sequence 
(see Fig. 4.8), which may be the factor which allows such efficient Rep recognition of the 
MS V -Kom LIR compared to the case with MSV -Set, despite the fact that the PanS V 
genome shares 60 % overall sequence similarity with MSV-Kom, compared to the 79 % 
identity shared between MSV-Set and MSV-Kom (Table 3.8). The direct repeats 
responsible for curto- and begomovirus Rep recognition also display some flexibility in 
sequence, with conservation of the 3' repeat sequence being more important (Choi and 
Stenger, 1996; Fontes et al., 1994). 
The stem-loop structures of mastreviruses are presumed to be the site of Rep binding for 
its nicking and joining activity, and therefore act as the RSDs for these viruses (Laufs et 
aI., 1995c; ArgUello-Astorga et al., 1994a & b). I have detected trans-replication of 
viruses which have considerable differences within their stem-loop sequences; however 
there is a partly conserved CGCC sequence, which is repeated at least once near or at the 
Rep proximal iteron, in all the viruses investigated (see Fig. 4.8). The significance of this 
repeated sequence is presently undetermined. As yet no direct experimental evidence 
exists that the stem-loop sequence holds the RSDs, only that it is required for mastrevirus 
termination of replication and does tolerate some changes, for example the WDV hybrid 
stem-loop allowing replicative release (Heyraud et al., 1993a & b). 
The results presented here have led to the analysis of the regions within the LIR 
responsible for firstly, origin function, and secondly, for replication specificity, using 
MSV-Kom and MSV-Set based constructs. Although these viruses do complement 
replication functions, these are clearly sub-optimal and the identification of the cis-
elements responsible for this impaired interaction will provide greater insight into the 
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The cis-elements essential for mastrevirus replication reside within the LIR and the SIR, 
which contain the respective origins of virion and complementary sense strand DNA 
synthesis (Kammann et al., 1991; Hayes et aI., 1988; Donson et al., 1984). The only viral 
protein necessary for mastrevirus replication is Rep, unlike the begomo- and curto viruses, 
which have a further protein (REn) responsible for enhancing replication (Hormuzdi and 
Bisaro, 1995; Etessami et aI., 1991; Sunter et ai., 1990; Schalk et aI., 1989). The 
begomovirus Rep, the most extensively characterised Rep protein, is a sequence-specific 
DNA binding protein, which recognises and specifically binds to a direct repeat sequence 
within the ori (Behjatnia et aI., 1998; Fontes et aI., 1994a; Fontes et aI., 1992). 
Furthermore, these repeats, located between the Rep TAT A box and translation start site 
in both the curto- and begomoviruses (see Fig. 1.3), are replication specificity 
determinants (RSDs), with viruses sharing the same direct repeats being able to trans-
replicate each other (Choi and Stenger, 1996; Choi and Stenger, 1995; Faria et aI., 1994; 
Lazarowitz et aI., 1992). While further elements within the begomovirus CR, some of 
which are host factor binding sites, enhance or contribute towards efficient replication, 
their role in curto- or mastrevirus replication is not yet defined (Orozco et aI., 1998; Choi 
and Stenger, 1996) (also see Chapter 1). Apart from the research that culminated in the 
identification of the site of initiation of replication in WDV and BCTV, all then-current 
(1996) understanding of the cis-elements involved in gemini virus replication had been 
investigated using isolates of begomo- and to some extent curtoviruses (Bisaro, 1996; 
Hanley-Bowdoin et aI., 1996; Stanley, 1995; Heyraud et aI., 1993b; Kammann et aI., 
1991; Stengeretal., 1991). 
Evidence to date implicates the region between the Rep TAT A box and stem-loop of 
WDV as being necessary for replication (Schalk et aI., 1989). This region contains the 
binding site of host factors involved in rightward transcription, i.e. the rpeI element 
(Hofer et ai., 1992; FenoH et aI., 1990; FenoH et al., 1988). During the course of this 
project, the WDV minimal ori was mapped to a sequence stretching from 170 bp 
upstream of the stem-loop to 28 bp downstream (Sanz-Burgos and Gutierrez, 1998). The 
presence of auxiliary regions on either side of the minimal origin enhanced replication 











region downstream of the MSV stem-loop was required for replication (Palmer, 1997), 
which prompted my study of the MSV origin of replication. 
The requirement for specific sequences within the stem of the conserved stem-loop 
structure is flexible in begomoviruses, although cognate stem sequences enhance 
replication possibly due to an interaction with REn and Rep-REn oligomers (Orozco and 
Hanley-Bowdoin, 1996; Hanley-Bowdoin et ai., 1996). The lack of a REn-like homolog, 
and the presence of the conserved iterons, has led to speculation that Rep may interact 
directly with these elements (see Chapter 1). 
The various speCles of mastreviruses have umque stem sequences, unlike many 
begomoviruses, and it has been proposed that the stem sequence as well as the Rep 
proximal iteron constitute the RSDs (ArgUello-Astorga et al., 1994a & b). The necessity 
for these elements during replication was obtained by the mutational studies of Schneider 
et al. (1992). As well as providing evidence that the MSV stem-loop structure was 
essential for replication, the insertion of a linker into the AsuII site (which overlaps with 
the Rep proximal iteron sequence) abolished infectivity; however, this was thought to be 
due to interference with Rep transcription (Schneider et aI., 1992). Rep complexes have 
also been visualised binding to the WDV LIR in the same proximity as its upstream 
iteron, thereby further implicating this element's involvement in replication (Sanz-Burgos 
and Gutierrez, 1998). 
Termination but not i itiation of replication requires the presence of a functional stem-
loop structure in WDV (Heyraud-Nitschke et aI., 1995; Heyraud et aI., 1993a). However, 
two WDV isolates (sharing 75 % LIR sequence identity) used to examine the mechanism 
of replicative release during rolling circle replication have different stem sequences, yet 
wild type viruses were replicatively released from recombinants with hybrid stem 
structures (Heyraud et aI., 1993b). These results indicate that Rep recognised the 3' side 
of the stem-loop structure, and was able to initiate and terminate replication and from the 
invariant loop sequence, even though the stem sequence contained some non-











While this study was in progress, an agroinfectious construct was obtained from a partial 
MSV-Set and a full MSV-Kom genome (sharing 78 % overall sequence identity) cloned 
in tandem, i.e. a partial heterodimer (Schnippenkoetter, 1998). The viral progeny was 
cloned back from the infected plants and partially sequenced by W. H. Schnippenkoetter 
(Schnippenkoetter, 1998). The predominant class of clones had hybrid LIRs arising from 
homologous recombination events between the two viral virion sense promoters (62 %), 
and a subset (11 %) were recombination events on the 5' side of the stem-loop. Full 
genomic heterodimers were also agroinfected and some of the viral progeny recovered 
had small insertions within the loop sequence, indicating that aberrant replicative release 
had probably occurred (Schnippenkoetter, 1998). These monomeric clones were made 
available to me for further investigations of the sequence requirements for maize streak 
virus replication. Evidence provided by the W. H. Schnippenkoetter study seemed to 
imply that the cognate stem-loop sequence, which differs between the two MSVs, was 
essential for efficient replicative release (Schnippenkoetter, 1998). 
In summary, this work sought to identify the cis-elements responsible for controlling the 
replication cycle of MSV in particular, and perhaps of mastreviruses in general, and to 
define the elements that are involved in determining replication specificity between two 
MSV strains, MSV-Set and MSV-Kom. 
5.3: METHODS AND MATERIALS 
MSV-Kom and MSV-Set genomes were isolated from total genomic DNA from infected 
plants, and cloned into the BamHI sites of"pUC19 and pUC18 respectively 
(Schnippenkoetter, 1998; Hughes, 1991) (see Fig. 5.l). These two clones, pKom500 and 
pSetl00, provided the foundation for construction of the chimaeric MSV -Kom and MSV-
Set clones made during the course of this study. All monomers were cloned at the BamHI 
site, the recognition pattern of which starts at the last nucleotide of the VI start codon. 










5.3.1: Construction of partial dimers with LIR 
deletion mutants 
All deletions of the LIR were based upon pLIR1 (4.3.2.1), a full LIR done from 
the Cl start codon to the BamHI site at the start of the VI ORF, 315 bp in length 
(see Fig. 5.2). Effects of these deletions on replication were investigated by 
cloning, as part of a 1.1 mer, the mutant LIRs either on the virion sense side or 
the complementary sense side of the WT MSV-Kom genome. Replication 















i ~ ~ ~~ ~~l 
! C2 ~xx.Jx.x.xJxb! ! ! 
\111111111111]1 Cl 2690 
Figure 5.1: Restriction maps of the monomeric clones of MSV-Kom and MSV-Set, 
pKom500 and pSetlOO, respectively (Schnippenkoetter, 1998 & Hughes, 1991). Maps 
were generated from sequence data (see Table 3.1) using DNAMAN 4.0. The various 
ORFs, and the direction of transcription are indicated by the arrows and are named 
above or below, the MSV-Kom map. Regions (A - C) exchanged between the two 











A series of plasmids with deletions in either the virion or complementary sense side of the 
LIR were cloned into a virion sense gene replacement monomer, pKEP 151, provided by 
Dr K. E. Palmer (Palmer, 1997). This resulted in a l.lmer genome, with MSV ORFs 
flanked on the virion sense side (first LIR) by a mutant LIR and on the complementary 
sense side (second LIR) by a WT LIR (see Fig. S.2). A genomic dimer based on a deletion 
mutant of pKEP lSI, called pKEP 167, had previously been used to show that the 86 bp 
region between the ApaI and Bam HI site was essential for replication (Palmer, 1997). The 
plasmid pKEP lSI was based on the monomeric clone of pKomSOO, which had the virion 
sense ORFs replaced by a XbaI - NeoI fragment containing the CaMV 3SS and bar gene 
fragment from plasmid pJW7S03. I had previously constructed pJW7S03 from 
pPHP7503 (obtained from Dr Brad Roth, Pioneer Hi-Bred, International, Inc., Des 
Moines, IA) by deleting the TMV omega leader sequence and AdhI intron, which were 
flanked by PstI and BamHI. The sites were destroyed by Klenow treatment (Boehringer 
Mannheim) before self-ligation of the remaining parental DNA. The resultant plasmid 
pKEPlSl, which would produce a MSV-derived genome only 33 bp larger than that in 
pKomSOO, formed the monomer backbone from which deletions to the first LIR were 
investigated. The choice of the virion sense gene replacement cassette from pJW7S03 was 
based on its appropriate size and not necessarily its translation product. The truncated 
LIR fragments were cloned into the unique XbaI site. All clones based on this VI and V2 
replacement construct were named pKorix2, where x corresponds to the name of the LIR 
deletion. 
Partial dimers with a tru cated second LIR were constructed using the complementary 
sense ORF replacement plasmid pLVScc2 (4.3.2.1), which has a single XbaI site for the 
insertion of the truncated LIRs (see Fig. 5.2). The plasmid was completely digested with 
XbaI and treated with calf intestinal phosphatase (Boehringer Mannheim) prior to ligation 
with the relevant LIR clone. A series of clones containing deletions to the second LIR 
were constructed and given the name pKorix3, where x corresponds to the name of the 
deletion series. All final 1.1 mer pKori clones were sequenced in one direction across the 












5.3.1.1: Construction of LIR deletions 
A series of deletions to either the complementary or virion sense sides of the LIR was 
made by the digestion of pLIR with the appropriate enzymes as indicated in Figure 5.2. 
All fragments were initially recovered from pLIRl digested first with Pvull and the 
released fragment was separated by gel electrophoresis in a 0.8 % agarose gel. The DNA 
was recovered using the Geneclean™ kit and then redigested with the appropriate 
enzymes. The DNA was then either cloned into pBluescript(SK) digested with the same 
enzymes, or with enzymes allowing compatible ends to be ligated. Where necessary the 
LIR deletion clones were either re-orientated by digestion with KpnI and Sad and cloned 
into the same sites of pUC 18, which resulted in flanking XbaI sites. Where both the 
original flanking .xbaI sites were maintained the LIR mutant it was then cloned directly 
into the monomeric constructs pLVScc2 or pKEP151 (see Fig. 5.2). 
Two constructs were made with partial deletions in both the first and second LIR. The 
LIR fragments from pKori21 and pKoril (see Fig. 5.2) were excised by digestion with 
...:rhoI and BamHI and ligated into the same sites ofpKEP176 (see 4.3.2.2), which resulted 
in pKori24 and pKori 14, respectively. These two clones have a partial LIR fragment 
upstream of the VI, GUS and nos 3' terminator. The Sad fragment of pKori 13 and 
pKori23 (see Fig. 5.2) both containing the SIR, cat, CaMV 35S promoter and mutated 
LIR was cloned into the Sad site between the GUS and nos 3' terminator ofpKori14 and 
pKori24, respectively. The resultant plasmids, with two mutated LIRs, were called 
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5.3.1.2: Transient replication assays 
These were performed essentially as described In 4.3.3, using microprojectile 
bombardment of three-day old BMS suspension culture cells. Each bombardment carried 
200ng of the pKori plasmid, and if required, 200 ng of the partial dimer pKom602 or the 
Rep expression cassette pKEPl32 (see Table 5.1 for a fuHlist). The bombardments were 
performed in duplicate and the experiment repeated at least twice. Three days after 
bombardment the low molecular weight DNA was harvested (4.3.3) and 15 Ilg of each 
sample was subjected to gel electrophoresis and Southern blot analysis using a Dig-
labeled probe MSV-Kom (3.3.4) or CAT probe (4.3.3.6). Replication was also detected 
using the PCR primers 215 - 234 (2.3.2) and CaMV 35S primer (4.3.4) and the same 
amplification parameters as before. 
Table 5.1: Plasmids bombarded into BMS for transient replication assays 
Constructs First LIR Second LIR 
pKori02 C 12 - BamHI C 1 - Bam HI 
pKori22d Acel - BamHI C 1 - BamHI 
pKori12b TaqI - BamHI Cl - BamHI 
pKori32b XbaI - DraI C 1 - BamHI 
pKEP1673 CI-ApaJ CI-BamHI 
pKEP151 noLIR CI-BamHI 
Co-bombarded 
plasmid l 
pLVSccLIR CI-BamHI CI-BamHI pKom602 pKEP132 
pKori33b CI-BamHI XbaI -DraI pKom602 pKEP132 
pKori04 C 1 - BamHI XbaI - ApaI pKom602 pKEP 132 
pKori23 C 1 - BamHI Acel - BamHI pKom602 pKEP 132 
pKori13 CI-BamHI TaqI -BamHI pKom602 pKEP132 
pKori43b Cl -BamHI TaqI -DraI pKom602 pKEP132 
pL VScc2 C 1 - BamHI no LIR pKom602 pKEP 132 
pKori15 TaqI -BamHI TaqI -BamHI pKom602 pKEP132 
¥Kori25 Acel - BamHI Acel - BamHI pKom602 pKEP132 
: Each of the constructs listed in the first column was co-bombarded wIth pKom602 in 
one series of bombardments and with pKep132 in the next, unless this was not necessary 
(-) due to the presence of an intact CI/C2 ORF in the construct being investigated. 
2: Cl indicates that the LIR sequence starts from the Cl ORF ATG 
3: pKEP167 is a full monomer from pKEP151 cloned in tandem with the same monomer, 
which had been digested with ApaI , thereby removing most of the virion sense side of the 











5.3.2: Construction of agroinfectious clones with recombinant 
LIRs 
MSV -Kom based monomeric clones with varying amounts of MSV -Set LIR sequences 
were obtained from W. H. Schnippenkoetter (Schnippenkoetter, 1998). These clones 
were constructed using viral genomic DNA isolated from plants agroinfected with full 
tandem heterodimers in the case of pSek 112, 113 and 118, or a O.5mer of MSV -Set and 1 
mer of MSV-Kom in the case of pSek009. These constructs were either the result of 
homologous recombination events between heterodimers of MSV -Kom and MSV -Set 
(pSek 112 and pSek009) or presumptive aberrant replicative release events resulting in 
small insertions within the stem sequence (pSek315 and pSek318) (Schnippenkoetter, 
1998). The sequences of the LIRs are presented in Fig. 5.3. 
The monomeric BamHI clones pSek 112, pSek 115, pSek 118 and pSek009 were digested 
with SacI and BamHI to release the fragment containing the LIR. These fragments were 
then ligated into Sad and BamHI treated pUC18 to form the O.lmers pSek212, pSek2l5, 
pSek219 and pSek009.1. The monomeric clones were treated with BamHI and Seal to 
release the monomer from the vector and to separate the similarly sized vector, which has 
a Seal site, and viral DNA bands during electrophoresis. The viral DNA was purified 
from the gel using Geneclean™ and ligated to the appropriate BamHI - and calf intestinal 
phosphatase - treated O.lmer. The resultant clones were called pSek312, pSek3l5, 
pSek318 and pSek309. The binary vector pBl121 (Clonetech, Palo Alto, CA) was treated 
with EeoRl and XbaI, which released the GUS gene and nos terminator fragment, and 
ligated to the similarly treated and recovered pSek3 series of 1.1 mer fragments. The 































MSV-Kom sequence ATAGTGGTTGTAAATGGGCCGGACCGGGCCGGCCC 
to the start of ATAGTGGTTGTAAATGGGCCGGACCGGGCCGGCCC 
the VI ORF ATAGTGGTTGTAAATGGGCCGGACCGGGCCGGCCC 
ATAGTTGTTCTAi~TGGGCCGGACCGGGCCGGCCC 
***** *** *** ********************* 
Agcaggaaaa gaaggcgcgCAC TAATATTAC cgcgcctt-------------cttttcctgcG 
AgcaggAaaa gaaggcgcgCAC TAATATTAC cgcgcctt-------------ctttAcctgCG 
AgCAgGAAaa gaaggcgcgCAC TAATATTAC cgcgccttcTTAcCTcGCCCCCTTTACCTGCG 
AGCAGgaAAA gaaggcgcgCAC TAATATTAC cgcgcctt--TACCtcGCCCCCTTTACCTGCG 
~~~~~g~~~~ qgg~ TAATATTAC ctcgccc-c------------ctttacctgCG 
Agcaggtaaa ggg~ TAATATTAC ctcgccc-c------------ctttacctgCG 
****** *** * **** *** ********* * **** **** ****** 
AGGGCCCGGTAGGGACCGAGCG-CTTTGATTTAAAGCCTGGTTCTGC-T 
AGGGCCCGGTAGGGACCGAGCGTCTTTGATTTAAAGCTCAGATTTGCTT} 
AGGGCCCGGTAGGGACCGAGCGTCTTTGATTTAAAGCTCAGATTTGCTT MSV-Set sequence to 
AGGGCCCGGTAGGGACCGAGCGTCTTTGATTTAAAGCTCAGATTTGCTT the end of the LIR 
AGGGCCCGGTAGGGACCGAGCGTCTTTGATTTAAAGCTCAGATTTGCTT 
AGGGCCCGGTAGGGACCGAGCGTCTTTGATTTAAAGCTCAGATTTGCTT 
********************** ************** * * *** * 
160 
Figure 5.3: Partial LIR sequences of the wild type MSV-Kom and MSV-Set compared to 
those of the recombinant virus genomic clones Sek112, Sekl15, Sekl18 and Sek009. 
Sequences in bold indicate WT MSV -Set sequence. The putative iterons, as identified by 
W. H Schnippenkoetter (1998), are indicated in italics and are underlined. Nucleotides 
which may form part of the stem structure (bold line underneath the sequence) are in 
lower case, with non-complementary pairs in upper case. Asterisks indicate nucleotides 
conserved amongst all six sequences. The possible recombination site between MSV-
Kom and MSV -Set resulting in Sek009, is indicated by a stippled line and that of Sek112 
by a double line (Schnippenkoetter, 1998). Alignments were performed using DNAMAN 
4.0. 
5.3.3: Directed genomic exchanges between MSV-Kom and 
MSV-Set 
5.3.3.1: Complementary sense side of LIR and stem-loop 
exchanges 
For the purposes of this study, regions flanked by convenient restriction enzymes, which 
were exchanged between the MSV-Kom and MSV-Set LIR, have been designated 
alphabetical letters for ease of reading (see Fig.5.l). The monomeric clones of MSV-Kom 
and MSV -Set (pKom500 and pSetl 00, respectively) were digested with NsiI and ApaI, 
releasing a 377 bp band for MSV-Set and a 374 bp band for MSV-Kom from the 
monomer/vector fragment. The fragments were exchanged between the two resulting in 
MSV -Kom with a NsiI to ApaI fragment of MSV-Set and vice versa (A - C exchanges). 











parental viral species present (i.e. MSV -Kom or MSV -Set), the next two letters 
corresponding to the sites used for cloning and the last letter indicating the origin of the 
exchanged viral fragment (see Fig. 5.4 for a complete list of clones). The same 
convention for clone names was continued for all subsequent exchanges. The clone 
pKNAS is missing 10 bp at the reconstituted NsiI site due to the presence of two closely 
positioned NsiI sites in MSV -Set, and therefore has a frameshift mutation within the C 1 
ORF. The reciprocal exchange in pSNAK gives an in-frame Cl ORF. 
The complementary sense strand side of the LIR up to the rpeI element (FenoH et al., 
1990; FenoH et a!., 1988), and the first 185 bp of the Cl ORF were exchanged between 
MSV -Set and MSV -Kom (i.e. regions A and B). The GC-rich rpeI element is specifically 
recognised by RsrII in both MSV-Kom and MSV-Set; therefore, exchanging the 811 bp 
..ThoI to RsrII fragments between pKNAS and pKom500 resulted in the clones pKJ"JRS 
and pKRAS, which have the sequences between the NsiI and RsrII site and the RsrII to 
ApaI fragments exchanged from MSV-Kom to MSV-Set sequences, respectively. Plasmid 
pKNRS has the same NsiI - NsiI deletion as pKNAS. The same approach was used for 
pSNRK, except that MSV -Set has two RsrII sites, therefore the RsrII fragment 2227 bp 
fragment from pSetlOO was exchanged for the same region in pSNAK. The resultant 
plasmids from the RsrII exchanges were called pSNRK and pSRAK#21 (see Fig 5.4). 
The MSV -Kom Rep gene 5' terminus of pSNRK and pSNAK based clones was restored 
to WT MSV -Set sequence by the exchange of the smaller fragment (A) from SacI 
digested pSet 1 00 into the corresponding sites of the chimaeric monomers. This was 
achieved by recovering the larger of the two bands, which includes the vector sequence, 
from the gel electrophoresed Sac I digestion products of pSNRK and pSNAK. The 
recovered DNA was then treated with calf intestinal phosphatase prior to ligation with the 
pSetlOO SacI smaller fragment. The final constructs were then named pSSRK and 
pSSAK. MSV -Kom has 4 SacI sites (see Fig. 5.1) making similar exchanges between 










Monomer Partial LIR Binary Vector 
O.lmer 
pKom5001 NA 
pKRASb.l 1 pKRASb3.1 
pSek209 pSek409 
pSek1121 pSek212 pSek312 pSek412 
Ibp) 
pSek115 1 pSek215 pSek315 5 
T~f+l 181 pSek218 18 8 
pKNAS pKNAS.l 1.1 NA 
pKNRS.l pKNRSl.1 NA 
pSetlO02 NA pSetl051 071 
pSNAK.l 1 1 
pSNRK.l pSSRK2.1 1 
<: 
! NA NA pKesekll 
1 pSRAK77 1 
1 pSNAK1.1 1 
pSNRK.l pSNRKl.l pSNRK2.1 
The Cl ORF and (black) and MSV-Set (white) chimaeric 
clones are represented on the left hand side their respective names on the right. 
clones, the l.lmers, and are listed. The position of the 
for construction of all the partial to the conserved 
shown above pKom500 and pSet100. were either not made or not 
the study they are indicated by NA (not Clones provided 
Schnippenkoetter (1998). 2: Clone provided (Hughes et ai., 











5.3.3.2: Construction of agroinfectious clones 
The monomeric clones pSNAK, pSNRK, and pSRAK were digested with Sad and the 
vector sequence with the remaining partial LIR (see Fig. 5.4) was self-ligated. The 
resultant 0.1 mers were named pSNAK.I, pSNRK.l and pSRAK#21. Partial dimers were 
then constructed using the unique BamHI site in the 0.1 mer as the site for the insertion of 
the monomeric viral sequence obtained after excision and purification from the BamHI 
and PvuI digested pSNAK, pSNRK and pSRAK7. No PvuI sites are present in the MSV-
Set sequence allowing the separation of the viral from vector sequence during gel 
electrophoresis. The clones pSNRK.l and pSNAK.1 were used for the construction of 
partial dimers of pSSRK and pSSAK, respectively, as they share the same chimaeric LIR 
sequence. The resultant clones containing 1.1 mers were named pSN AK 1.1, pSNRK 1.1, 
pSRAK77, pSSRKl.l and pSSAK1.l. The l.lmers were partially digested with EcoRI 
and completely with .xbaI to release the viral DNA for ligation into the EcoRI, XbaI 
digested binary vector, pBI121 (Clonetech, Palo Alto, CA). The plasmids were then 
named pSNAK3.l, pSNRK3.l, pSRAK773.l, pSSRK3.1 and pSSAK3.1. 
Due to the presence of the frameshift mutation within the C1 ORF ofpKNRS and pKl""IAS 
only pKRASb was made agroinfectious. A O.lmer clone was constructed by digestion of 
pKRAS with BamHI, Sad and EcoRV, which preferentially allows only the partial LIR 
sequence flanked by the BamHI and Sad sites to be religated back into the pUC vector. 
The resultant clone pKRASb.l was then digested with BamHI and treated with calf 
intestinal phosphatase. The BamHI monomer fragment excised from the plasmid 
pKRASb (as above), was ligated to the BamHI digested 0.1 mer pKRASb.l. The 
resultant plasmid was named pKRASb 1.1. The partial dimer was then cloned into the 
.xbaI and EcoRI sites ofpBI121 resulting in plasmid pKRASb3.1 (see Fig. 5.4). 
5.3.3.3: Transformation and agroinfection of A. tumefaciens 
The following plasmids were transformed into A. tumefaciens C58C1 (PMP90) (Koncz 
and Schell, 1986) using the freeze-thaw method of Holsters et ai. (1978) (3.3.2): pSek412, 
pSek415, pSek418, pSek409, pSNRK3.1, pSNAK3.1, pSRAK773.1 and pKRASb3.1. 











into 3 day-old sweetcorn cv. Jubilee was used as described in Chapter 3 (3.3.3). The 
plants were monitored every three days and the symptoms recorded after 15 and 22 days. 
The percentage of infected plants after 29 days was recorded. For comparison the 
agroinfectious chimaeric 1.1 mer, pKesek2, a partial LIR replacement of the MSV -Kom 
Sa cI to BamHI fragment (regions B, C & D) into the MSV -Set backbone 
(Schnippenkoetter, 1998), was agroinfected under the same conditions as above. Each 
agroinfection experiment was repeated on three separate occasions. 
5.3.3.4: Extraction and analysis of DNA from agroinfected 
plants 
The viral genomic DNA was harvested from the agroinfected plants (3.3.4) and either 
subjected to Southern blot analysis or to degenerate primer PCR amplification and 
subsequent RFLP analysis using CfoI as described previously (2.3.2). The expected 
banding patterns after restriction digest of the PCR product with CfoI are shown in Table 
5.2. These patterns wer,e generated using DNA MAN 4.0 based on the GenBank 
sequences of MSV-Kom and MSV-Set (see Table 3.1). 
Table 5.2: Predicted size fragments obtained after restriction digestion of the 1300 bp 
PCR amplification product with CfoI 












Expected peR RFLP band sizes: 
18,37,80,319,853 bp 
18,80,370,856 bp 


















5.3.3.5: Construction of Rep mutants for trans-replication 
assays 
165 
The MSV -Set based 1.1 mers, pSRAK 1.1, pSSRK 1.1, pSSAK 1.1, pKesek 1 (the 1.1 mer 
from which the agroinfectious construct pKesek2 was made (Schnippenkoetter, 1998)) 
and pSet105 (Schnippenkoetter, 1998) were digested with Nsil, releasing the 10bp Nsf I -
Nsf I fragment within the C 1 ORF, which would cause the translation product to 
prematurely terminate after 60 amino acids. All resultant plasmids were screened for the 
deletion and positive clones given the same basic name as the parental clone with the 
suffix NsiI e.g. pSRAKl.I became pSRAKNsil. 
The MSV -Kom based constructs pKNRS and pKNAS have the C 1 NsiI fragment missing, 
and are therefore self-replication incompetent. They were both dimerised using the 
following strategy: O.lmer partial LIR SacI to BamHI subclones were first constructed in 
pUC19, resulting in plasmids pKNRS.I and pKNAS.l, and then the full BamHI - BamHI 
genomic fragment from pKNRS and pKNAS was cloned into the BamHI site of their 
respective partial LIR subclone. The final 1.1 mers are named pKNRS 1.1 and pKNAS 1.1. 
The MSV-Kom PstI frameshift mutant pKEP177 (Palmer, 1997), a full dimer, was used 
as the WT LIR control. This plasmid, provided by K. E. Palmer, contains the same site 
directed mutation as pKEP171gusd (4.3.2.2) (Palmer, 1997). The same PstI mutation was 
introduced into pKRASb2.l by the replacement of its Xhol to RsrII fragment with that of 
pKEPI77. The mutation allows the translation of a truncated protein with 24 Rep amino 
acids followed by 10 missense amino acids before a premature termination codon is 
reached (Palmer, 1997). This Rep- plasmid was named pKRASPstI. 
5.3.3.6: Transient trans-replication assay in BMS cells 
The 1.1 mers pKNRS 1.1 and pKNAS 1.1 were initially bombarded into BMS and the lack 
of replication was confirmed by both Southern blot analysis and PCR (data not shown). 
The insertion of the Pst! frame shift mutation had previously been confirmed to render 
pKEP171 and p1711uci self-replication incompetent (Palmer, 1997 & Chapter 4). 
The Rep- mutants were co-bombarded with either pKom602 or pSetl 07 into 3 day-old 











that for this experiment the cells were harvested after four days. The experiment was 
performed in duplicate using 200ng of each plasmid per bombardment. The extracted 
genomic DNA was subjected to degenerate primer PCR (see 2.3.2) and C/oI digestion. A 
total of 5 Jlg of genomic DNA from the DNA from the MSV-Kom based bombardments 
was treated with DpnI (Boehringer Mannheim) to remove any residual input methylated 
(i.e. bacterial derived) DNA. DNA samples obtained from the pKRASPstI and pKEPl77 
bombardments were also digested with Sail and PstI, while those obtained from the 
pKNRS 1.1 and pKNAS 1.1 bombardments were digested with BamHI and BglII. The 
DNA was then electrophoresed in 0.5 x TBE through a 0.8 % agarose gel and subjected to 
Southern blot analysis using the Dig-labeled MSV-Kom PCR derived probe (3.3.4). 
5.4: RESULTS 
5.4.1: Construction of the truncated LIR partial dimers 
The cloned monomer containing the CAT gene marker, pKomL VS, was just over 200bp 
larger in size than the monomer of MSV-Kom (pKom500), whereas the bar containing 
mutant, pKEP151, was only 33 bp larger (Palmer, 1997). The partial dimers, pKori02-
pKori43b, pKori15 and pKori25 were all sequenced through the mutated LIR, which was 
shown to be correct in sequence and orientation. 
5.4.2: Transient replication results of LIR deletion mutants 
5.4.2.1: Replication of second LIR mutants 
Three days after bombardment of the BMS cells the low molecular weight DNA was 
extracted and analysed for the presence of replicative form DNA. Replicative form DNA 
was detected by two different methods: firstly, low molecular weight DNA was detected 
by Southern blot analysis; and secondly, by PCR amplification using primers that would 
only amplify replicating DNA (see 4.3.4). The Dig-labeled CAT probe (4.3.4) detected 
RF DNA only for pKori04, pKori33b and the WT LIR construct pL VSccLIR, when co-
bombarded with pKom602 (data not shown) (See Table 5.3 for full summary of results). 











for pKori23, pKori13 and pKori43b were also obtained, indicating that in an excess of 
Rep these previously self-replication impaired constructs could weakly amplifY (see Fig. 
5.5A). This was also observed by PCR analysis (data not shown). Similar results were 
observed using WDV LIR mutations (Sanz-Burgos and Gutierrez, 1998). No replicative 
form DNA was detected with the monomeric construct, pL VScc2, using either method. 
No high molecular weight DNA, indicating initiation and termination of replication at the 
unmutated LIR, was detected by Southern blot analysis, possibly due to the lower level of 
accumulation of these products and the relatively short time after bombardment that the 
DNA was harvested. Furthermore, the PCR assay would only detect replicating DNA that 
had reconstituted a continuous strand of DNA from the VI ORF through the LIR. 
Table 5.3: Summary of results obtained from analysis of the DNA harvested from the 








































: Restriction sites used to construct deletion mutants of pLIRl (see Fig. 5.2); 2: +, 
positive reaction; 3: - negative reaction; 4: +/-, limited detection; 5: (+), weakly positive; 
and 6, NA, not applicable. 
5.4.2.2: Replication of first LIR mutants 
All of the 1.1 mers with deletions on the complementary sense strand side of the first LIR 
were replication proficient (see Table 5.4). Even if no replicative release was initiated 
from the first LIR, homologous recombination between the mutated LIR and the second 
LIR in each construct would reconstitute a WT LIR (See Table 5.5). This would therefore 
render the assay incapable of detecting the initial lack of replication due to inefficient 
initiation. The only construct with a 3' deletion which replicated as efficiently as pKori02, 
was pKori32b (see Fig. 5.5B). Two constructs did not replicate via either homologous 
recombination or replicative release events: these were pKEP151 and pKEP167. The 











former has only one LIR. The 25 bp between the ApaI site at the base of the stern-loop 
and the DraI site is therefore necessary for replication. 
Table 5.4: Identification of replication proficient first LIR mutants from DNA harvested 
from the transient replication assays in BMS 
Plasmid 
name 
Deletion mutants of the first 
LIRI 




: The restriction enzymes used to construct the various deletant mutants of pLIRI a e 
aligned above the schematic diagram of the LIR (see Fig. 5.2). 2: NA, not applicable; 3: 
(+) positive reaction; 4: (-) negative reaction. 
Table 5.5: Analysis of the type of LIR formed should either of the two mechanisms 
responsible for the release of a viral replicon occur. 
Plasmid 
name 
Relative positions of the WT (white) and 
mutant (black) LIRs 
Homologous Replicative 
recombination release 
5.4.2.3: Replication of double mutated LIRs 
No replicative form DNA was detected after co-bombardment of pKoril5 and pKori25 
with either pKom602 or pKEP132. Replication was assayed for by both Southern blot 
analysis and PCR, using primer 215 - 234 and CaMV 35S primer (4.3.4), but in neither 
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Figure 5.5: Southern blot of DNA extracted from BMS bombarded with second LIR 
mutant partial dimers and pKEP132 (A) and first LIR mutant partial dimers (B). Two 
BMS plates were bombarded for each precipitation and the extracted DNA 
electrophoresed through a 0.8 % agarose gel prior to Southern blot analysis. The 
various repli cative forms associated with replicating DNA are indicated: oc, open 
circular; I, linear; and sc, supercoiled DNA. The Southern blot was probed with peR 
generated Dig-labeled MSV-Kom (3.3.4). The arrows indicate the presence of faint 
replicative form DNA. The rectangles represent the proportional size of the mutated 
LIR, the num ber of the pKori clone or pKEP clone, and the restriction si tes used to 
construct the partial LIRs are as follows: X, XbaI; B, BamHI, D, DraI; A, ApaI; Ac, 











5.4.3: Analysis of agroinfectious constructs with chima eric 
LIRs 
170 
All plasmids constructed with LIR exchanges between MSV-Kom and MSV-Set were 
first cloned as 1.1 mers and then cloned into the binary vector, pBI121, and transformed 
in A. tumefaciens C58C1 (PMP90). The transformed A. tumefaciens was then injected 
into three day old sweetcorn cv. Jubilee seedlings. The number of surviving plants 
showing symptoms 29 days after agroinfection was counted in three separate experiments 
(see Table 5.6). The symptoms were compared after 15 days and 22 days (See Fig. 5.6 
and data not shown). Plants injected with A. tumefaciens transformed with pSNRK3.1 and 
pSNAK3.1 remained symptomless and pSRAK773.1. gave extremely mild chlorotic 
symptoms down the mid-rib vein of the second leaf and occasionally on the third, in two 
separate experiments. No subsequent leaves showed any symptoms (see Fig. 5.6B). 
Infection rates were monitored every three days but proved to be unreliable measures of 
pathogenicity due to high standard deviation between experiments, especially with plants 
showing mild symptoms. 
Table 5.6: The percentage (%) of sweetcom cv. Jubilee plants showing symptoms after 
agroinfection with chimaeric MSV-Kom and MSV-Set constructs 
Experiment 1 Experiment 2 Experiment 3 
Name of Average 
dimer in # (% # 0/0 # 0/0 % 
pBU21 
pSek412 4/8 50 7112 58.3 11/13 84.6 64.3 
pSek415 6/8 75 6/9 66.6 12/12 100 80.5 
pSek418 10/12 83.3 8111 72.7 11112 91.3 80.4 
pSek409 11113 84.6 24/29 82.7 23/24 95.8 87.7 
pKRASb3.1 9/10 90 24/26 92.3 22123 95.6 92.6 
pKesek2 6/6 100 4/6 66.6 12/12 100 88.8 
pSSAK3.1 10/11 90.9 25/28 89.2 18/22 81.8 87.3 
pSSRK3.1 5/6 83.3 16/26 61.5 9/18 80 74.9 
pSNAK3.1 0/8 0 0/11 0 - - 0 
pSNRK3.1 0/10 0 0/9 0 - - 0 
pSRAK773.1 8/24 33.3 10/24 41.6 - - 37.4 
pBI121 0/12 0 0/12 0 0112 0 0 











Of all the plants infected with MSV-Kom based genomes, pSek412, pSek415 and 
pSek418 had the mildest symptoms with pSek412 being consistently the weakest. 
pSek415 agroinfected plants had milder symptoms than those agroinfected with pSek418, 
but symptoms became more pSek418 like in appearance in the older leaves (data not 
shown). The insertion of 11 to 13 bp within the stem-loop sequence potentially allows 
some base pairing to occur (see Fig. 5.3 & Schnippenkoetter, 1998), but these mutant 
viruses are vastly attenuated in symptoms compared to the wild-type MSV -Kom 
symptoms observed in Chapter 3.4.1 (see Fig. 5.6A). Approximately 800 bp of sequence 
from either side of the BamHI site of the monomeric clones, pSekl12, pSek115 and 
pSek118 was obtained, and except for the regions indicated in Fig. 5.3, all the clones have 
WT MSV -Kom sequence (Schnippenkoetter, 1998). It is not known whether the 
remainder of the genome has undergone any small rearrangements, which may further 
decrease pathogenicity (W. H. Schnippenkoetter, Pers. Comm). Similarly, with pSek009 
only 270 bp from the BamHI site of the LIR was sequenced and 832 bp of virion sense 
ORFs sequenced (Schnippenkoetter, 1998). The three mutant viral constructs pSek112, 
pSek115 and pSek118, differed further from pSek009, which had the entire stem-loop 
sequence of MSV-Set as well as the virion sense promoter. These results, together with 
the agroinfectious pKesek2 clone (Schnippenkoetter, 1998), are the first evidence that the 
MSV stem tolerates nucleotide changes and even potential changes in structure due to less 
base pairing occurring, similar to that observed for WDV (Heyraud et al., 1993b). 
The RsrII to ApaI (region C) stem-loop exchange, from MSV-Set into MSV-Kom, a total 
of 68 nucleotides, has all sequence differences confined to the stem: in particular, 
pKRASb now has three out of eight nucleotides changed in its stem iteron sequence. The 
agroinfectious dimer, pKRASb3.1, infects an average of 92.6 % plants (see Table 5.6) and 
is only slightly milder in symptoms than the WT agroinfectious construct pKom603 (see 
Fig. 6A). This was confirmed by computer based analysis of the percentage chlorosis 
using the method of Martin and Rybicki (1998) (D. P. Martin Pers. Comm.). The 
reciprocal construct, pSRAK773.1, never developed full streak symptoms (see Fig. 5.6B) 
and only an average of 37 % of plants displayed the mild streak on the second or third 











Exchanging MSV -Set sequences between the Sac! site and the rpe/ element (region B) 
and the Sac! site and ApaI site (regions B and C) with those of the same regions in MSV-
Kom, resulting in pSSRK3.1 and pSSAK3.1, rendered the symptoms observed in the 
mildly infectious MSV-Set even further attenuated (see Fig. 5.6B and compare Table 5.6 
with Table 3.2). The stem-loop sequence of pSSAK3.1 is that of MSV -Kom, and the 
construct was able to replicate and cause symptoms. Exchanging the sequences between 
the Sac! site RsrII sites alone (region B) decreased the mutant's pathogenicity compared 
to that of pSSAK3.1. Similarly, exchanging only the stem-loop sequence (region C) of a 
MSV -Set based construct also greatly affected its pathogenicity (see Fig. 5.6B and Table 
5.6). The Cl NsiI -ApaI (A, B & C) or NsiI - RsrII(A & B) exchanges ofMSV-Set with 
MSV-Kom sequences did not show symptoms. 
5.4.3.1: Analysis ofgenomic DNA from agroinfectedplants 
Small-scale genomic DNA extractions by the method of Palmer et al. (1998) were 
performed on a number of leaf segments from plants showing symptoms. Southern blot 
analysis detected replicative form DNA in plant agroinfected with pSSAK3.1, pSSRK3.1, 
but not with pKesek2 or pSRAK773.l (see Fig. 5.7). PCR amplification using the 
degenerate primers (2.3.2), which amplifies both MSV-Kom and MSV-Set, gave an 
approximately 1300 bp band for all infected plants except for those agroinfected with 
pSRAK773.1, pSNRK3.1 and pSNAK3.1 (data not shown). Four individual extractions 
from various leaves infected with pSRAK773.1, showing the mild streak, were also 
negative. The RFLP analysis of the PCR amplified DNA using C/oI confirmed that the 
various exchanges between the LIR of MSV -Kom and MSV -Set were maintained during 
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Figure 5.7: Southern blot of chimaeric MSV-Set based agroinfectious constructs. l!lg of 
DNA, extracted from plants showing symptoms, was electrophoresed through a 0.8 % agarose 
gel. The DNA was transferred to a nylon membrane and hybridised with a MSV-Kom Dig-
labeled probe, which was then washed under low stringency conditions (0.5 x SSC). The 








Figure 5.8: RFLP analysis of the various MSV-Kom and MSV-Set based chimaeric 
constructs. PCR amplification and restriction analysis of the ampl ification product wi th 
HhaI was performed on DNA was extracted from plants agroinfected with the following 
constructs: Lane 1, pSSAK3.l; lane 2, pSSRK3.l; lane 3, pSetl07; lane 4, pKRASb3.l; 
lane 5, pKom603; lane 6, pSek409; lane 7, pKesek2; lane 8, pSek412; lane 9, pSek415; 
and lane 10, pSek418. The restriction digests were electrophoresed through a 1.5 % 
agarose gel stained with ethidium bromide. PstI digested lambda DNA ("-) was included 
as a molecular weight marker and all band sizes are indicated as number of base pairs 











5.4.4: Transient trans-replication assays 
Both MSV -Set and MSV -Kom based 1.1 mers were made replication incompetent; this 
was by the insertion of a Pst! site within the MSV -Kom C I ORf, or by the deletion of the 
10 bp Nsil fragment from the CI ORf of MSV-Set. Co-bombardment of each of these 
constructs with WT MSV -Kom or with WT MSV -Set allowed regions within the LIR 
containing cis-elements conferring replication specificity to be identified. The WT LIR in 
each co-bombardment experiment would presumably out-compete the chimaeric LIR for 
the Rep protein, unless the necessary cis-elements are present (Fontes et aI., 1994b). 
Neither the WT MSV -Kom LIR (pKEP 177) nor the MSV -Kom stem-loop mutant 
(pKRAS b3.1) successfully competed for the MSV -Set Rep, whereas both the Rep 
proximal iteron containing mutant (pKNRS 1.1) and the dual iteron stem-loop mutant were 
recognised and replicated by MSV -Set (see Fig. 5.9A & B). The reciprocal experiments, 
based on MSV -Set WT LIR (pSetNsil) and the stem-loop mutant (pSRAKNsiI), showed 
that while both were rrans-replicated by MSV-Set Rep, neither was replicated by MSV-
Kom to any detectable levels. Only once the B region, which contains the Rep proximal 
iteron, consisted of MSV-Kom sequence (pKesekNsil, pSSRKNsiI, and pSSAKNsiI) was 
MSV-Kom Rep able to trans-replicate the mutant virus (see Fig. 5.10). 
5.5: DISCUSSION 
Replication of gemini viruses requires the presence of specific cis-elements within the plus 
strand origin of replication found in the begomovirus common region or its mastrevirus 
equivalent. the LIR. The cis-elements required for mastrevirus replication, and in 
particular the replication specificity determinants, are the least well characterised of all 
the gemini viruses (Hanley-Bowdoin er aI., 1999). A minimal MSV LIR region similar to 
that found in WDV (Sanz-Burgos and Gutierrez, 1998), which is essential for replication 
has now been delineated. This region includes a 25 bp region 3' of the stem-loop 
sequence, which is not involved in the DNA bending tracts identified by Gutierrez el al. 
(1995), but is highly conserved amongst the various MSV isolates sequenced to date (see 
Fig. 4.8). The distance from the stem-loop of this 25 bp region could be extended by II -
13 bp, as evidenced \\ith the viable agroinfectious constructs pSek418 and pSek41 5. This 
is further than the previously observed agroinfectious construct with a 4 bp linker inserted 
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Figure 5.9: Trans-replication by MSV-Kom and MSV-Set of various Rep mutant MSV-
Kom based chimaeric constructs. The chimaeric LIRs are represented by rectangles 
below its partial climer name. Regions in black and white are MSV-Kom and MSV-Set 
derived sequences, respectively. The stem-loop structure is represented by a triangle. 
All Rep mutants were co-bombarded with either pKom602 (Kom) or pSetl05 (Set) and 
the detection of complementation of replication functions (+), or lack thereof (-), is 
indicated above the respective lanes. Each bombardment was perfonned in duplicate. 
A) Southern blot, using a Dig-labeled MSV-Kom probe (3.3.4), of DpnI treated DNA. 
The fi rst seven lanes were digested with San and Pst!. The presence of 971 and 1729 
bp bands indicated that the PstI Rep mutant was trans-replicated. The next eight DNA 
sam pIes were digested with BamHI and BgnI, releasing a characteristic 1131 bp band 
from the trans-replicated chimaeric constructs (see Fig. 5.1). B) peR ampl ification and 
RFLP analysis of the same DNA samples as in A, digested with PstI (first eight lanes) 
or C/oI (last eight lanes) and electrophoresed through a 1.5 % agarose gel stained with 
ethidium bromide. The various banding patterns either correspond to the characteristic 
WT virus patterns (uncut by PstI, & see Table 5.2 for C/oI banding patterns) or are a 
mixed population of WT and chimaeric virus (1304, 709 and 595 bp for PstI Rep 
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Figure 5.10: Trans-replication of various Rep mutant MSV-Set based chimaeric 
constructs by MSV-Kom and MSV-Set. The chimaeric LIRs are represented by 
rectangles below each partial climer name. Regions in black and white are MSV-Kom 
and MSV-Set derived sequences, respectively. The stem-loop structure is represented 
by a triangle. All Rep mutants were co-bombarded with either pKom602 (Kom) or 
pSet 105 (Set) and the detection of com pie mentation of repl ication functions (+), or lack 
thereof (-), is indicated above the respective lanes. The mutant pSetNsiI can not be 
distinguished from the wild type MSV-Set (*). Each bombardment was perfonned in 
duplicate. A 100 ng of the extracted DNA was subjected to PCR amplification, the 
product digested with CfoI and electrophoresed through a 1.5 % agarose gel stained 
with ethidium bromide. The various banding patterns either correspond to the 
characteristic WT virus patterns (see Table 5.2 for CfoI banding patterns) or are a 
mixed population of WT and chimaeric virus. Lambda PstI treated DNA (A) was used 
as a molecular weight marker. 
Sequences up to and including the Rep proximal i teron are also required for repl ication: 
mutant LIRs truncated at the Acel si te with the full iteron sequence present, were weakly 
replication proficient, and then only in the presence of high levels of Rep. Auxiliary 
regions similar to those found in WDV may be required for efficient replication, which 











Evidence obtained by W. H. Schnippenkoetter using pKesek2 (Schnippenkoetter, 1998) 
and my results in Chapter 4, indicated that the MSV -Set Rep was able to recognise and 
trans-replicate a mutant virus with a MSV-Kom origin of replication. This mutant virus 
was highly attenuated, as can be seen in Fig. 5.6. The extent that the virion sense 
promoter, the stem-loop sequence or the Rep proximal iteron region contributed towards 
its impaired ability to replicate and infect were unknown (W. H. Schnippenkoetter, Pers. 
Comm.). I have provided a more precise analysis of the regions within the MSV LIR that 
contribute towards efficient replication. First, I have found that the 74 bp sequence from 
the rpeJ element to the Sad site (region B) determines replication specificity, with both 
pSSRKNsiI and pKNRSl.l successfully competing for the MSV-Kom and MSV-Set Rep, 
respectively (see Fig. 5.9 & 5.10). The mildly agroinfectious construct pSSRK3.1, which 
contains both regions Band C from MSV -Kom, compared with the essentially non-
agroinfectious construct pSRAK773.1 (only region C), indicates a co-operative 
relationship between the stem-loop and the upstream region. This could be due to the 
distance between the stem-loop and the Rep proximal iteron of MSV-Kom, which is more 
ideally suited to the maize host, being required for an interaction with host factors 
(Orozco et al., 1998). Both viruses have the same rpeJ element (Schnippenkoetter, 1998) 
(see Fig. 4.8), but differ in the number of nucleotides between their stem-loop structures 
and the Rep proximal iteron elements. MSV -Set is a grass-type MSV and does not appear 
to be suited to infecting a variety of maize hybrids (Schnippenkoetter, 1998, & D. P. 
Martin and E. P. Rybicki, unpublished data). A reflection of this may be that specific host 
factors other than those that bind at the rpeJ element are required for binding to elements 
within the LIR (Fenoll et al., 1990). These elements may be similar to those described for 
begomoviruses, and may not be conserved in maize to stabilise a non-optimal Rep-LIR 
interaction (Orozco et al., 1998). 
The sequence of the MSV stem structure has been shown, by the use of a variety of 
mutant viruses (pSek409, pSRAKNsiI, pSSAK3.l, and pKesek2), to be non-essential for 
replication. However, only a wild type stem allows optimal replication (pKRASb3.1 
compared to pKom603). Furthermore, the stem-loop sequence is not, or at least not the 
main replication specificity determinant, similar to the situation with begomoviruses 
(Fontes et al., 1994b). The size of the putative stem structure was decreased to 9 bp due to 
the insertion of non-complementary DNA, yet still is replication proficient and maintains 











Exchanging the N-terminus (60 aa) region of MSV-Set's Rep with the corresponding 
region of MSV -Kom did not produce a viable infectious virus: this was also confirmed in 
a transient assay system (data not shown). Furthermore, even when both the LIR cis-
elements and Rep N-terminal60 aa from MSV-Kom were present in the chimaeric MSV-
Set based construct (pSNAK3.l), this still resulted in a non-replicating virus (see Table 
5.6). Therefore, it can be assumed that not all the trans-acting RSDs of the Mastrevirus 
Rep reside within these N-terminal 60 aa, perhaps similar to the begomoviruses where a 
secondary trans-acting replication specificity determinant is evident in ALl (Gladfelter et 
al., 1997). The N-terminal 116 aa of the TYLCV Rep and the first 89 aa of BCTV hold 
the trans-acting replication specificity determinants (Jupin et al., 1995; Choi and Stenger, 
1995), thus the MSV chimaeric Rep proteins may not have included all the necessary 
sequences, only having the first 60 aa. Alternatively, the chimaeric proteins could have 
been impaired in one of their other essential functions, such as transcriptional control of 
the virion sense genes (Collin et a!., 1996; Hofer et aI., 1992); however, because 
pSNAKl.l could not replicate in a transient assay any effect due to lack of these functions 
should be minimal. All the Rep motifs essential for rolling circle replication are 
conserved between MSV-Kom and MSV-Set (see Table 3.6). 
I have established that the cis-elements required for MSV replication show greater 
architectural homology to the other gemini virus genera than was previously expected 
(ArgUello-Astorga et al., 1994a & b). These similarities include the t1exibility of the stem 
sequence and the requirement of elements on the complementary sense side, both for 
replication and replication specificity. Similar to WDV, but unlike the begomoviruses, 
sequences 3' of the stem-loop are required for replication (Orozco et a!., 1998). In 
contrast to the current hypothesis ofmastrevirus RSDs (ArgUello-Astorga et al., 1994a & 
b), the stem-loop does not define replication specificity as was clearly observed in these 
studies. However, the Rep proximal iteron region (region B) does, as was observed in the 
transient replication assays. With the characterisation of MSV-Raw now underway (D. P. 
Martin, Pers. Comm) exchanges between this virus and MSV -Kom will further refine the 












The highly specific interaction of the begomo- and curtovirus Rep with its cognate origin 
of replication has allowed the elucidation of the precise nucleotide sequences as well as 
the protein domains responsible for this function (Orozco et aI., 1998; Gladfelter et aI., 
1997; Settlage et aI., 1996; Choi and Stenger, 1996; Choi and Stenger, 1995; Fontes et ai., 
1994; Fontes et ai., 1992). These studies were all primarily based on the use of different 
virus strains to determine which elements defined replication specificity. A similar 
approach was used to examine the MSV Rep protein's replication specificity. Firstly, the 
diversity of MSV isolates was assessed, using PCR, RFLP and sequence data. All but two 
MSVs (MSV-Set and MSV-Raw) shared the same putative replication specificity 
determinants as defined by Arguello-Astorga et al. (l994a & b): they all had identical 
stem sequences and Rep proximal iterons, however the wheat- and grass-infecting isolates 
shared far lower RepA aa homology. MSV-Tas and MSV-VW shared only 
approximately 87 % RepA sequence identity with the maize-type MSV (Table 3.7). 
Considering that the wheat-infecting virus Rep protein sequence is the most divergent of 
the three proteins analysed (Table 3.7 & 3.8), these differences may reflect specific 
interaction with host factors other than the plant retinoblastoma homologues, as the 
Rep:Rb binding motif is conserved (see Table 3.6) (Horvath et aI., 1998; Ach et al., 1997; 
Xie et aI., 1996; Collin et al., 1996; Nagar et al., 1995; Hofer et al., 1992). 
A considerable diversity of isolates was detected within the MSV population, ranging 
from the highly homologous maize-infecting MSV s - all sharing approximately 96 % 
sequence identity - to the wheat-infecting MSVs'- only sharing 89 % - and the grass 
infecting MSVs (78 %) (Table 2.4). From within this range of viruses, certain isolates 
were selected for trans-replication studies based on their relative Rep sequence diversity. 
Due to the low RepA identity of the wheat infecting isolates MSV -Tas and MSV -VW 
with the maize-types, full genome sequence was obtained prior to their inclusion in the 
replication study, and a study was made of their host ranges by leafhopper transmissions. 
Both the symptoms observed from agroinfections, and leafhopper transmission studies 
indicated that these two viruses were weak in maize hosts and infected a larger number of 
wheat cultivars than the previous characterised maize-type virus MSV -Kom (see Table 
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have shown that within the group of mastreviruses chosen for this study, the diversity of 
viruses able to trans-replicate extends from the MSVs to a PanSY (60 % total genome 
sequence identity (Table 3.8), but does not include DSV (63 %). Furthermore, it was 
recently shown that the dicot-infecting virus BeYDV (45 %) is unable to complement 
MSV's replication functions (Lui et al. 1999). While neither DSV nor BeYDV share the 
same vector species with MSV (see Table 1.1) and PanSV-Kar has a fairly unique host 
range (Schnippenkoetter, 1998), it seems that sharing of multiple criteria is the only 
reasonable way to designate isolates of mastreviruses to the same species, even if 
complementation of replication functions occurs. 
The implications of a promiscuous replication strategy, considering the evidence of mixed 
populations of diverse viruses (2.4.2), could explain how mastreviruses maintain ~heir 
diversity and improve host adaptation. For example there exists the possibility that MSV-
VM arose from a recombination event between a wheat- and maize-type MSV: this would 
explain how, although the whole genome sequence identity is only 89 %, there is greater 
sequence identity within the normally even more variable MP protein, particularly in the 
N-terminus region (see Fig. 3.7 & 3.13). There is evidence of intermolecular 
recombination having occurred between gemini viruses during natural selection, as well as 
during experimental procedures. These types of recombination events may be the 
mechanism by which geminiviruses continue to evolve (Zhou et aI., 1998; Zhou et al., 
1997; Rou and Gilbertson, 1996; Klute et al., 1996; Roberts and Stanley, 1994). 
The use of mastrevirus isolates as described here has provided the tools for the elucidation 
of elements involved in replication, without the necessity for making forced mutations. 
The knowledge gained from this work will be of significant use to those undertaking 
transgenic resistance strategies based on the inhibition of mastrevirus replication, as well 
as to those using the more classical methods of breeding resistant maize. These methods 
require information regarding the specificity of the Rep protein for its cognate origin of 
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